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Electrical energy storage plays an important role in many applications such as electronic 
devices, electrical vehicles and power systems. Batteries, fuel cells, and electrochemical and 
dielectric capacitors are commonly used for energy storage. Each of these energy storage 
technologies has the combination of different power density and energy density. Among 
these technologies, dielectric capacitors are preferred when high power uptake or delivery is 
essential, but the applications of commercial dielectric capacitors are limited by their low 
energy density. For the dielectric capacitors, energy density is determined by dielectric 
constant and electrical breakdown strength of the dielectric materials. Therefore, improving 
these parameters is essential for achieving high energy density. Nonlinear dielectric materials 
usually have higher dipole density and thus higher dielectric constant than linear dielectric 
materials. As nonlinear dielectric materials, some poly(vinylidene fluoride) (PVDF)-based 
polymers with large dielectric constant have the potential to reach competitively high energy 
density. In this dissertation, several PVDF-based polymers derived from different methods, 
including blending, grafting and formation of composite, were investigated aiming at energy 
storage applications.  
Nonlinear dielectric blend films of vinylidene fluoride (VDF) oligomer and PVDF with 
significantly imrpoved crystallinity and densely packed rigid amorphous phase were designed 
and prepared from chemical solution deposition followed by hot pressing. The polymer blend 
exhibited improved polarization and breakdown strength due to the unique blend structure. 




Another PVDF-based polymer blend films containing poly(vinylidene fluoride-
hexafluoropropylene) and poly(vinylidene fluoride) (P(VDF-HFP)/PVDF) were prepared via 
ix 
 
a chemical solution approach, followed by quenching, annealing and hot pressing. The 
intermolecular interactions of the blends were investigated through atomic simulation. Higher 
melting temperature, higher crystallinity, larger elastic modulus, and a consequent improved 
breakdown strength were observed in optimized polymer blends, in comparison with either of 
the two constituent polymers, PVDF or P(VDF-HFP). As a result, a competitively high 
energy density of 30.1 J/cm
3
 was achieved in the P(VDF-HFP)/PVDF  blend films. 
Nanocomposites comprising P(VDF-HFP) and core-shell structured nanoparticles were 
also designed and prepared, in which a crystalline, ultrathin TiO2 shell with a thickness less 
than 2 nm completely encapsulates BaTiO3 core nanoparticles. An unexpected large dielectric 
constant (> 110), beyond the explanation of conventional theories about mixing of dielectrics, 
was obtained in the core-shell nanocomposites, which was attributed to the highly interactive 
interfaces with the introduction of the intermediate TiO2 shell layer. A high dielectric energy 
density of 12.2 J/cm
3
 was achieved as the result of the improved high polarization and 
enhanced breakdown strength (> 340 MV/m) which is desirable for energy storage capacitor 
applications with relatively low working voltage. The core-shell structured nanocomposite 
presented in this study was utilized for the fabrication of high energy density multilayer 
capacitor. 
For the first time, P(VDF-HFP) with grafted poly(dopamine methacrylamide) (PDMA) 
side chains, has been prepared via thermally-induced graft polymerization from ozone-
pretreated P(VDF-HFP). Graft copolymer exhibited significantly improved dielectric 
constant (~18) and large breakdown field. Through our theoretical and experimental studies, 
these improvements were attributed to introduction of the polar hydroxyl groups with high 
polarizability and large affinity to metal electrodes. Finally an extremely large energy density 
of 33 J/cm
3
 was achieved at 859 MV/m. 
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In this study, several important strategies have been demonstrated for improving dielectric 
breakdown strength and energy density, including improving crystallinity of polymers, 
decreasing the defects and voids, increasing the rigidity of amorphous phase and optimizing 
the intermolecular interactions between polar groups of polymer blends. It has also been 
found that the introduction of dedicatedly controlled multiple nanoscaled interfaces in 
composites and grafting of proper amount of polar groups such as hydroxyl groups, can be 
other effective strategies in the design of new materials with significantly improved 
polarization and energy storage density. The low-cost and scalable chemical solution 
deposition methods and the excellent dielectric performance of the PVDF-based hybrid 
materials suggest that they have great potential for high density energy storage applications. 
These strategies as demonstrated here can also be potentially applied in other nonlinear 
dielectric polymer systems for energy storage applications. 
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Chapter 1. Introduction 
1.1 Electric energy storage devices 
 In response to the extremely high demand for energy, one of the greatest challenges in 21
st
 
century is energy storage. Storing energy allows us to provide the balance between the supply 
and use of energy. Mechanical, electrical, chemical, biological, and thermal systems are all 
used today for energy storage purpose. 
Among many different energy storage systems, electrical energy storage becomes an 
important factor in economic development due to the high efficiency and ease in conversion 
to other forms of energy. Development of the batteries was an important solution to the 
electrical energy storage problem. First battery was created by Volta in 1800. Batteries are 
devices which convert chemical energy to electrical energy. They consist of a number of 
voltaic cells. The voltaic cells consist of two half-cells which connect in series. One half-cell 
contains electrolyte and electrode to which cations migrate (cathode). The other half-cell has 
electrolyte and electrode to which anions migrate (anode). During redox reaction which 
powers the battery, cations are reduced, while anions are oxidised. Some cells consist of two 
half-cells with different electrolytes, which separate from each other by separator. Just ions 
flow through the separator and electrolyte remain separated. There are two types of batteries: 
primary batteries and secondary batteries. Primary batteries are designed for one time use and 
secondary batteries are designed to be used multiple times. Common types of primary 
batteries are Zinc-Carbon and Alkaline batteries that have higher energy density than 
rechargeable batteries [1]. The oldest form of secondary batteries is Lead-Acid. Nickel-
Cadmium, Lithium-ion, Nickel-Zinc are the commercial rechargeable batteries [2-4]. 
Batteries have high energy density (10~300 Wh/kg). However, they have limited life cycle 
(as they are electrochemical devices) and low power density due to slow movement of charge 
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carriers. For different application fields, there are different requirements for energy storage 
devices. For example, batteries cannot be used to directly supply energy in applications with 
very fast charge and discharge rate such as power system stabilizers, power grids, pulsed 
power applications and modern hybrid electronic vehicles (HEVs) convertor systems.  
Capacitors are another type of electrical energy storage devices. Capacitors have fast 
charge and discharge rate that is much higher than batteries, but their energy density is 
usually less than one tenth of the energy density of the batteries [5]. Capacitors are classified 
into two categories: the term electrochemical supercapacitors and dielectric capacitors. 
Supercapacitors are usually referring to electrochemical energy storage devices with large 
capacity and high efficiency [6]. An electrochemical supercapacitor is working based on 
electrochemical double-layer effects (EDLCs) [7]. As schematically illustrated in Figure 1.1, 
the electrochemical supercapacitors consist of several elements, including a pair of porous 
electrodes, a porous separator, electrolyte and electrodes, and a pair of current collectors. 
Electrical charges are supplied at the electrodes when an external bias applies between the 
two electrodes. These electrical charges attract the ions with opposite charges which exist in 
the electrolyte at the respective electrode interfaces. The porous electrodes have very high 




/g). Due to high exposed area and high capacitance value, 







Figure 1.1. A schematic illustration for an electrically charged electrochemical supercapacitor. 
The main characteristic of the electrochemical supercapacitor that makes it suitable for using 
in energy storage system is fast charge and discharge rate without loss of efficiency for 





 W/kg) and moderate energy density (0.04-30 Wh/kg). Despite of many advantages, 
the electrochemical supercapacitors have some shortcomings such as very low operation 
voltage (2.5-4 V), high self-discharge rate (much higher than batteries), complicated and 
costly fabrication method, and complex electronic control.  
Dielectric capacitors are electrostatic devices that are widely used in all the electronic 
devices. Opposite to the batteries, dielectric capacitors can offer very high power density (up 
to 10
8




 Wh/kg). Dielectric capacitors 
have very simple structure (Figure 1.2) with reasonable price and very fast charge and 
discharge rate (μs-ms). Some dielectric capacitors can be operated in voltages higher than 




Figure 1.2. A schematic illustration for an electrically charged dielectric capacitor with a dielectric 
medium. 
In Figure 1.3, power densities and energy densities of the batteries, electrochemical 
supercapacitors, and dielectric capacitors are compared. 
 
Figure 1.3. Classification of the electrical energy storage devices according to the power and energy 
densities. 
If the energy density of the dielectric capacitors can be further improved, dielectric 
capacitors are anticipated to be used for many modern applications, such as powering hybrid 
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electric vehicles (HEVs), electric vehicles (EVs), power grids, medical devices, pulsed laser, 
particle accelerator, starting system for diesel engines, elevators, pallet trucks, power 
converters in aircrafts. To improve the energy density of the dielectric capacitors, 
researcher’s attention is focused on developing new materials with high energy and 
capacitance density.  
Recently,
 
poly (vinylidene fluoride) (PVDF) based polymers have been investigated for 
high energy storage applications, and significantly improved energy density has been 
obtained. As shown in Figure 1.3, PVDF-based polymers have energy density and power 
density extremely higher than energy and power densities of conventional dielectric 
capacitors. It should be noted that the overall energy density of the packaged capacitors with 
PVDF-based polymers will be lower than that in the Figure 1.3. However, by improving the 
volumetric efficiency of the dielectric capacitor, the energy density of the packaged dielectric 
capacitor will be possibly comparable with the energy density of the dielectric films.  
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1.2 Dielectric capacitor fundamentals 
 A simplified dielectric capacitor consists of two metal plates with a dielectric layer that 
separates the plates, as shown in Figure (1.2).  
 
Figure 1.4. A schematic for a parallel plate dielectric capacitor. 
Suppose now a simple capacitor with surface area A and vacuum as the dielectric medium. If 
the capacitor connected to a constant voltage supply V, the charges stored on the metal plates 
are free. These free charges result from the motion of free electrons in the metal. If a 
dielectric material is inserted into this capacitor, the stored charge on the plates increases 
from    (free charge on the plates with vacuum) to  . The ratio   to    is relative dielectric 
constant εr. Polarization of the dielectric material under electric field increases the stored 
charges on the plates.  
Polarization refers to the phenomena of the relative displacement of negative and positive 
charges of atoms or molecules. An electric dipole moment is a separation between a negative 
and a positive charge of equal magnitude. With electric field applied over the dielectric 
material, we have a distribution of dipole moments in the material. Polarization of the 












              (1.1) 





   is free surface charge density 
without dielectric medium. After the insertion of the dielectric, the field remain constant but 
the free charges on the plate increase. The free surface charge on the plate is now . The 
additional free charges 0 Q Q  are needed on the capacitor plates to neutralize the 
polarization charges (bound charges)    with opposite polarity appearing on the dielectric 
surface. The free surface charge density on the plates is now 
Q
A
  .   
0PQ Q Q                                               (1.2) 
0 P                                            (1.3) 
 0 0r rE E E                                            (1.4) 








        
               (1.5)  
Total surface charge density is described by the dielectric displacement vector, D (C/m
2
), 
Since p P  , D   then: 
0D E P                   (1.6) 
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That shows the relationship between dielectric displacement and polarization. In nonlinear 
dielectric materials when 0P E , P is very close to D. 
There are dielectric losses associated with dielectric materials. Complex dielectric constant 






                                     (1.7) 









                                             (1.8) 
Dielectric constant and dielectric loss of the materials can be measured by LCR meter or 
impedance analyser. 
According to Equation (1.5), the dielectric constant of dielectric materials depends on their 
polarization. A dielectric material can possess one or more of the four basic types of electric 
polarization responses: 
1. Electronic polarization or optical polarization 
2. Ionic polarization 
3. Dipolar polarization or orientational polarization 
4. Interface or space charge polarization 
It is obvious that the induced dipole moment depends on the electric field. A quantity called 
polarizability α is introduced to relate induced dipole moments to the electric field. 
P E                                              (1.9) 
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In the presence of different polarization mechanisms, the average dipole moments per 
molecule will calculated by 
av e loc i loc d locP E E E                      (1.10) 







                                   (1.11) 
It should be noted that interfacial polarization cannot be added simply to the average 
polarization Equation (1.10), as it occurs at interfaces and cannot be added to the average 
polarization per molecule of bulk materials. Furthermore, the local fields are not well defined 
at the interfaces. 
Here, we briefly discuss each type of the electric polarizations. 
 Electronic polarization 
 As the result of electric field, the electron clouds of each atom become shifted and this 
causes to electronic polarization. Figure 1.5 illustrates the electronic polarization. 
 
Figure 1.5. Valence electrons in covalent bounds before and after applying an electric field. 
This type of polarization is responsible for the large dielectric constants of covalent crystals. 
For example, for Ge crystals, the    value is 16.  
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 Ionic polarization 
The polarization in ionic crystals such as KCl and NaCl is ionic polarization. Each pair 
of oppositely charged neighbouring ions has a dipole moment. As an example Figure 1.6 




ions. In the absence of an electric 
field, the solid has no net polarization. Dipole moments with equal magnitude are 
neutralizing their effects at this condition ( 0netP P P    ). 
In the presence of the electric field E, negative and positive ions are pushed to the 
opposite directions. In this condition the net dipole moment is not zero. The amount of this 
polarization depends on the electric field. It should be noted that ionic polarization is larger 
than electronic polarization. 
 
Figure 1.6. Ionic polarization in NaCl crystal. 
 Orientational polarization 
Orientational polarization occurs in molecules which possess permanent dipole moments. 
For example, PVDF-based ferroelectric polymers owe orientational polarization. Figure 1.7 
shows the structure of polar β phase in PVDF. Permanent dipoles are C-F bonds that aligned 





Figure 1.7. Orientation polarization in β phase PVDF. 
In general, orientational polarization is much larger than atomic and electronic polarization.  
 Interfacial polarization 
Accumulation of charge at interface between two materials with different conductivity is 
known as interfacial polarization. Charge carriers (electrons, holes, ions) may be trapped in 
the crystal defects, impurities or at the interface of two phases. In this case space charges will 
be formed and the total polarization and average dielectric constant will be affected. Figure 
1.8 shows the two possible ways in which interfacial polarization may happen. 
 
Figure 1.8. Accumulation of the charge carriers at the interface of two different phases. (left) trapping 
of charge carriers at defects (right) that give rise to interfacial polarization. 
Time-dependent electric polarization 
We can represent time dependence (or frequency dependence) features of dielectric 
constant in the present of different polarization mechanisms. Ionic, electronic and 
orientational polarizations, require very short time (<10
-5
sec) for polarization and 
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depolarization. Interfacial polarization and depolarization requires quite long time which 
varies in a wide range depending on the dielectric system and charge carrier types. Thus, 
interfacial polarization will not exist at high frequencies, as the space charges cannot follow 
the electrical field variation. Figure 1.9 illustrates the times required for polarization with 
different mechanisms. 
 
Figure 1.9. The variation of different types of polarization with time [10]. 
1.3 Energy density of the dielectric capacitors 
There are two broad categories of dielectric material: linear dielectric and nonlinear 
dielectric. The relation between the polarization and electric field in nonlinear dielectrics is 
not linear and this nonlinearity and hysteresis is the main feature of them. 
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The energy density of a capacitor with linear dielectric is proportional to the square of 




   
2 2
e rU D E E       (1.12) 




As the behaviour of the nonlinear dielectrics under applied electric field is not linear, 
energy density of the nonlinear dielectric materials could not be calculated with general 
equation for linear dielectrics (1.12). The total energy density charged to the nonlinear 
dielectric capacitor is estimated as below by integrating the blue area          in Figure 1.10 
(a): 
charge chargeU E dD                   (1.13) 
where E is the electric field and D is electric displacement. 
The discharged energy density of the nonlinear dielectrics material is equal to the energy 
released during the discharging cycle from unit volume of material. This amount can be 
measured by integration of the yellow area            in Figure 1.10 (b): 
discharge dischargeU E dD                    (1.14) 
The difference of these two areas                   ) is the energy loss (  ), which is equal 




Figure 1.10. D-E curve pattern showing polarization-depolarization cycles with colored areas 
illustrating released energy and energy loss during discharging. 
To achieve high energy density, high Eb (breakdown field) and large D are required. 
Ideally, when there is no conduction loss, no remnant polarization at E = 0, and no coercive 
electric field at D = 0: maximum energy density will be achieved [12]. 
Polymers with high breakdown field, low loss, low cost and light weight, are the primary 
choice for dielectric energy storage applications. To decrease the size and weight of 
capacitors, the energy density of the dielectric materials should be improved. Linear dielectric 
polymers such as polypropylene, polyester and polycarbonate are commercially used for 
more than 50 years. Among these polymers biaxial oriented polypropylene (BOPP) has the 
highest energy density (~4 J/cm
3
). Dielectric constant of BOPP is less than 2.5 and its 
breakdown strength is higher than 720 MV/m [13,14]. Other linear dielectric polymers such 
as polycarbonate, poly(phenylene sulfide), polyimide have energy densities lower than 4 
J/cm
3
 at their breakdown field. However, because of their low loss and high operating 
temperature, they are extensively used for energy storage applications [15]. Moreover 
polymers such as Teflon, poly-P-xylene (PPX), were also proposed for high temperature 
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capacitors [16]. Aromatic polyurea, poly (diaminodiphenylmethane-
diphenylmethanediisocyanate) with the glass transition temperature higher than 200  is 
another linear dielectric polymers which was proposed for high temperature capacitors. 
Earlier research on properties of polyurea has shown that polymer film can withstand 
electrical field near 800 MV/m, and at this electrical field, discharged energy density higher 
than 12 J/cm
3
 was achieved. It should be noted that the dielectric constant of polyuria is 
(~4.2) [15]. It can be seen that the major disadvantage of linear dielectric polymers is their 
low energy density which is related to their low dielectric constant.  
Nonlinear dielectric materials as the result of high dipole density have higher polarization 
and dielectric constant than those of linear dielectric materials. Recently, ferroelectric 
polymers exhibited very high energy density which is tens of times higher than that of the 
linear dielectric materials used in commercial energy storage devices [15-20]. Among the 
various nonlinear dielectric materials, PVDF-based polymers have long been considered for 
applications as high-capacity energy storage devices. PVDF-based polymers have various 
advantages such as high dielectric constant, low cost, light weight and ease of processing into 
large areas [12,21]. It is clear that nonlinear dielectric polymers with improved electrical 
breakdown strength that can deliver ultrahigh energy density will be commercially suitable 
for replacing, linear dielectric materials for energy storage. Several methods have been 
proposed for improving the energy density of the nonlinear dielectric polymer films. We will 




1.4 Methods for improving the energy density of nonlinear dielectric polymers 
According to the definition of energy density for nonlinear dielectric materials (Equations 
1.13 and 1.14), by increasing the maximum polarization, breakdown strength and decreasing 
the energy loss, energy density of the nonlinear dielectric material will be increased.  
1.4.1 Defect modifications 
Decades ago it was reported that ferroelectric PVDF family polymers could be converted 
to relaxor ferroelectric with very small remnant polarization and small crystal size [22,23]. 
Defect modification with irradiation is a method to convert ferroelectric polymers to relaxor, 
for example using proton irradiation to reduce the remnant polarization of PVDF-based 
polymers [23-26]. Another method which is proposed for preparing relaxor ferroelectric 
polymers is chemical modification. For example, by adding bulky side groups (e.g. 
chlorofluoroethylene (CFE) and chlorotrifluoroethylene (CTFE)) into 
poly(vinylidenetrifluoroethylene) P(VDF-TrFE) polymer chain, terpolymers with relatively 
high dielectric constant (>50 at 100 Hz) can be obtained which are attractive for high energy 
density capacitors [21-23]. The breakdown field of P(VDF-TrFE-CFE) was reported to be 
about 400 MV/m and a discharge energy density up to 9 J/cm
3
 was achieved at the 
breakdown field [15]. In addition, copolymers such as poly (vinylidene fluoride 
chlorotrifluoroethylene) P(VDF-CTFE) and poly(vinylidenetrifluoride-hexafluoropropylene) 
P(VDF-HFP) have been developed by chemical defect modification. It was found that 
although the dielectric constant of these copolymers are lower than 12, high energy densities 
(>25 J/cm
3
) can be obtained at electrical field higher than 600 MV/m [19,27]. Major 
disadvantages of defect modification methods are their requirement for complicated 
irradiation apparatus or chemical synthesis (co- or terpolymerization) with carefully 
controlled reaction condition and polymer composition, which substantially increases the 
material cost and limits the commercial application [28].  
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1.4.2 Blending polymers 
Blending polymers is an effective method to tune the properties of the base polymers. This 
method has been utilized for improving the dielectric properties of nonlinear dielectric 
polymers. For example blending P(VDF-TrFE) and P(VDF-CTFE) had strong influence on 
the polarization level of the resulting blend. It was shown that polymer blend had large 
maximum polarization and small remnant polarization compared to the base polymers [29].  
In the other studies, it was reported that polymethylmethacrylate (PMMA) was miscible 
with P(VDF-HFP) and P(VDF-TrFE-CFE). Furthermore it was shown that blending PMMA 
with ferroelectric polymers decreased crystallinity and enhanced mechanical modulus. 
Reducing the polymer crystal size by blending the ferroelectric polymers with (PMMA) 
provided sufficient space for flipping dipoles and reduced the remnant polarization and 
energy loss of the polymer blend [30-32]. 
 In a recent study, the dielectric properties of the blends of P(VDF-TrFE-CFE) terploymer 
and P(VDF-CTFE) copolymer were investigated. It was found that blending small amount of 
copolymer with terpolymer enhanced polarization response and breakdown strength which 
were related to the interfacial effect at the interface of polymers and elastic modulus 
enhancement, respectively [33]. These recent studies suggest that blending is a simple and 
low cost method for improving the dielectric properties of nonlinear dielectric polymers and 
tuning polymer properties for energy storage applications. However, miscibility of the 
polymers is an important factor which affects the homogeneity of the blends.  
1.4.3 Composing polymers with inorganic particles 
Some ceramics have large dielectric constant. However, they usually have low breakdown 
field which results in low energy density. Furthermore ceramics are not flexible and it is 
difficult to manufacture multilayer ceramic capacitors with very large capacitance. While 
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polymers exhibit large breakdown field, their low dielectric constant decreases the total 
stored energy in polymeric capacitors. Moreover polymers are easily processed into different 
shapes and films. Composite systems comprising of ceramic fillers and polymer matrix can 
combine high dielectric constant of ceramics and large breakdown field and processability of 
the polymers to form capacitors with large energy storage capacity but reduced weight of 
electronic and electric devices [34].  
Many experimental and theoretical studies have been done to enhance the dielectric 
properties of composites for energy storage applications. Ferroelectric ceramics such as 
BaTiO3, PbTiO3, Pb(Zr, Ti)O3 , Pb(Mg1/2Nb2/3)O3 and metal oxides such as TiO2, Al2O3 and 
ZrO2 are widely utilized as filler in polymer composites. It was found that the interface 
between the filler and the polymer matrix has a significant effect on dielectric properties of 
nanocomposite comparing to the micro-sized composites [35,36]. Theoretical studies showed 
that at nanometer scale the properties of interface is dominant [37,38]. However, it is still 
remaining challenging to overcome several limitations such as particle agglomeration, 
nonuniform particles dispersion, leakage currents, dielectric loss, and high local fields. In 
order to overcome these limitations, researchers have tried to understand the physics 
governing the polymer-filler interface and design proper filler and matrix interface.  
In the attempt to decrease agglomeration and improve particle dispersion, surface 
modification methods were applied [39,40]. Chemical modification of nanoparticles is a 
useful method to facilitate the dispersion of nanoparticles. For instance, using surfactant and 
covalent grafting of the nanoparticles to polymer chains can increase nanoparticles dispersion 
in polymer matrix [40-43]. For example, it has been shown by Kim et al. that phosphonic 
acid surface modified BaTiO3 nanoparticles dispersed well in P(VDF-HFP) and maximum 
relative dielectric constant (~35) and energy density up to 3.2 J/cm
3
 at a field strength of 164 
MV/m could be achieved [40]. J. Li et al also utilized surface-modified BaTiO3 nanoparticles 
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and composed them with P(VDF-CTFE). They could achieve energy density up to 6.5 J/cm
3
 
[44]. In another study K. Li et al synthesized covalent-bonded nanocomposite with 
ferroelectric polymer terminated with phosphonic acids [45]. An energy density of 11.2 J/cm
3
 
was achieved at 270 MV/m with nanocomposite of P(VDF-CTFE) and 9.1 wt% ZrO2. 
Compatibility between the dielectric constants of the filler and matrix can effectively 
reduce the local electric field and improve the breakdown strength of the nanocomposite. 
This can potentially lead to a high dielectric strength. Therefore, to form electrical barriers 
between particles, core-shell structured filler was proposed and studied to be utilized as fillers 
instead of using high dielectric constant ceramic nanoparticles or conductive filler [46,48]. 
For instance, in an early work, aluminum oxide-encapsulated BaTiO3 were utilized as filler in 
polypropylene and nanocomposites with low loss and dielectric constant as high as 6.2 were 
prepared. Incorporation of Al2O3 with moderate dielectric constant decreased leakage current 
and dielectric loss of the composite. As the results of local field reduction, breakdown 
strength of the nanocomposite was higher than 222 MV/m and energy density value of 9.7 
J/cm
3 
was achieved [47]. While the above studies show exciting progress in nanocomposite 
field over past years, there are still several rooms for further improvements. Enhancing 
dielectric constant and breakdown field at the same time and decreasing dielectric loss are 
major challenge to be solved [49]. 
 
1.4.4 Grafting polymers 
Graft copolymers are type of branched polymers which the side chain structure is different 
from the main chain. The side chains are homopolymers or other copolymers. Recent studies 
have shown that by using the graft copolymerization technique, the properties such as 
hydrophobicity/hydrophobicity, adhesion, compatibility, crystallinity, conductivity, dielectric 
constant and melting temperature for ferroelectric polymers can be modified [50-55]. In an 
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early work, PVDF was grafted with polystyrene (PS) by using electron beam induced free 
radical graft copolymerization and the dielectric constant of graft copolymer reached about 
90. Furthermore breakdown strength of the graft copolymer (~400 MV/m) was higher than 
PVDF [52]. In a similar study HEMA (2-hydroxyethylmethacrylate)-graft-(PVDF) 
copolymers were synthesized via free radical graft copolymerization technique. The graft 
copolymers had high dielectric constant (>47) and low loss (<0.002) [53]. Overall results of 
researches suggest that appropriate graft copolymerization is a promising method to improve 
the dielectric properties of nonlinear dielectric polymers. Choosing appropriate base 
polymers for grafting, to achieve a balance in high polarization and low dielectric loss is an 
important approach for achieving high energy storage density. 
 
1.5 Objectives and scope of the project  
Based on the above review, there is significant demand for producing potentially low cost 
PVDF-based nonlinear dielectric polymer films with high energy density. To improve the 
energy storage density of the PVDF-based nonlinear dielectric polymers, many methods have 
been proposed. However, there is great room for understanding and improving these methods 
and studies as summarized below:   
 Among the proposed methods, defect modification is promising because it improves 
the dielectric constant of nonlinear polymers and decreases energy loss. Major 
disadvantage of existing defect modification is its complicated procedure which 
substantially increases the material cost and limits the commercial application.  
 Currently, there are few in-depth studies focusing on the mechanisms about 




 Although blending and composing polymers is a common method to improve the 
properties of base polymers, choosing and designing appropriate materials and 
improving the quality of the polymer hybrid films on the basis of mechanism 
understanding are desired.  
 Although the literature on grafting polymers has shed some light on the applications 
of graft copolymers with high dielectric constant and low dielectric loss for electrical 
energy storage, they suffer from low energy density due to low breakdown strength. 
The objectives of this project are to develop the understanding on the structure and dielectric 
properties of the PVDF-based nonlinear dielectric polymer films and to improve their energy 
density. Since large polarization and high dielectric breakdown strength can lead to higher 
energy density in the nonlinear dielectric materials, this thesis focuses on: 
 Investigating the influence of blending on dielectric properties including breakdown 
strength of PVDF-based nonlinear dielectric polymers and understanding 
intermolecular interactions in polymer blends. 
 Investigating the polarization mechanisms in PVDF-based polymer composite 
materials and designing interfaces with large polarization and low leakage for energy 
storage application.  
 Tuning the properties of composite PVDF-based materials and improve the methods 
for the preparation of high quality, low cost nonlinear dielectric hybrid films for 
achieving ultra-high energy density materials for replacing linear dielectric polymer 
capacitors 
 Proposing the strategy for improving the polarization and breakdown strength of 
PVDF-based polymers with appropriately designed grafting.    
 Demonstrating the fabrication of dielectric capacitors which have large volumetric 
efficiency with nanocomposite PVDF-based materials.    
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The results for this study will have impact on providing the understanding and methodology 
for developing low cost and high energy density nonlinear dielectric polymer-based hybrid 
materials.  
This thesis starts with an introduction on technical background (this Chapter) followed by 
Chapter II which describes the detail of first study on the electrical properties of blend films 
consisting of short chain VDF oligomer and long chain PVDF polymer. In Chapter III, effects 
of intermolecular interactions on the electrical properties of the P(VDF-HFP) copolymer and 
PVDF blend films are investigated and an optimized concentration and fabrication method 
for achieving high energy density blend films are proposed. Chapter IV focuses on the effects 
of interface in core-shell structured nanocomposites on dielectric and energy storage 
properties of nanocomposites, in which the nanocomposites comprise core-shell nanofiller 
(BaTiO3@TiO2) and P(VDF-HFP) polymer matrix. Chapter V proposes a nonlinear graft 
copolymer with improved energy density. In Chapter V, dielectric properties of P(VDF-HFP) 
grafted with poly(dopamine methacrylamide) (PDMA) is investigated. Chapter VI describes 
the application of nanocomposite films and demonstrates multilayer capacitor with high 
volumetric efficiency. Main conclusions of this thesis and suggested future works are given 




1. Alkaline Manganese Dioxide Handbook and Application Manual . Energizer. 
Retrieved 25 August 2008. 
2. J. McDowal, Battery conference on applications and advances, IEEE, 303-308, 
(1999). 
3. J. P. Barton, D. G. Infield, IEEE. 19, 2, 441 (2004).  
4. P. C. Symons, IEEE. 1, 448 (2001).  
5. M. A. Guerrero, E. Romero, F. Barrero, M. I. Milanes, E. Gonzalez, IEEE. 978, 2856 
(2009).  
6. A. Burke, J. Power Sour. 91, 37 (2000). 
7. V. V. N. Obreja, Physica. E. 40, 2596 (2008). 
8. A. T. Gazarian, Energy storage for power systems, IEEE energy series 6, (1994). 
9. S. O. Kasap, Principles of electronic materials and devices, New York, Mc Graw 
Hill, (1997).  
10. K. C. Kao, Dielectric phenomena in solids, Elsevier, Academic Press, California, 
USA, Ch. 8.p. 89 (2004). 
11. B. Chu, X. Zhou, K. Ren, B.Neese, M. Lin, Q. Wang, F. Bauer, Q.M. Zhang, Sci. 313 
(2006) 
12. Z. Zhang, T.C. M. Chung, Macromolecules. 40, 9391-9397 (2007). 
13. M. Rabuffi, and G. Picci, IEEE. Trans. Plasma. Sci. 30, 1939-1942, (2002). 
14. J. L. Nash, Polym. Eng. Sci. 28, 862-870, (1988). 
15. Y. Wang, X. Zhou, Q. Chen, B. Chu, Q. M. Zhang, IEEE Trans. Dielectr. Electr. 
Insul. 17, 1036 (2010) 
16. W. Khachen, J. Suthar, A. Stokes, R. Dollinger and W. G. Dunbar, IEEE Trans. 
Dielectr. Electr. Insul. 28, 876, (1993).  
 24 
 
17. C. Zhao, M. Guo, Y. Lu, Q. Wang, Macromol. Symp. l. 279, 52 (2009) 
18. Z. Zhang, Q. Meng, T. C. M. Chung, Polymer. 50, 707, (2009). 
19. X. Zhou, X. Zhao, Z. Suo, C. Zou, J. Runt, S. Liu, S. Zhang, Q. M. Zhang, Appl. 
Phys. Lett. 94, 162901 (2009) 
20. F. Guan, Z. Yuan, E. W. Shu, L. Zhu, Appl. Phys. Lett. 94, 052907 (2009). 
21. Z. Li, Y. Wang, Z.-Y,Cheng, Appl. Phys. Lett. 88, 062904 (2006). 
22. B. Chu, X. Zhou, B. Neese, Q.M. Zhang, IEEE. 13, 1162 (2006). 
23. Q.M. Zhang, V. Bharti, X. Zhao, Sci. 280, 2101-2104 (1998). 
24. F. Maac, B. Daudin, J. Ferroelecter. 109, 303(1990). 
25. T. Karaki, I. C. Chou, L. E. Cross, Japan. J. Appl. Phys. Part 1, 39, 5668, (2000). 
26. N. H. Dacunha, L. H. C. Mattoso, R. M. Faria, J. Polym. Sci. Part B, 35, 1201(1997). 
27. X. Zhou, B. Chu, B. Neese, Q. M. Zhang, IEEE Trans. Dielectr. Electr. Insul. 14, 
1133 (2007). 
28. S. Zhang, B. Zellers, J. Henrish, S. Rockey, D. Anderson, C. Zou, Q. Zhang, IEEE. 
Dielectr. Electr. Insul. 19, 9781 (2009). 
29. Z. Li, M. D. Arbatti, Z. Y. Cheng, Proc. SPIE. 5385, 99 (2004). 
30. J. Y. Li, L. Zhang, S. Ducharne, Appl. Phys. Lett. 90, 132901 (2007). 
31. Q.Meng, W. Li, Y. Zheng, Z. Zhang, J. Appl. Polym. Sci. 116, 2674-2684 (2010). 
32. S. Zhang, B. Neese, K. Ren, B. Chu, Q. M. Zhang, Appl. Phys. Lett. 100, 044113 
(2006). 
33. B. Chu, B. Neese, M. Lin, S. Lu, Q. M. Zhang, Appl. Phys. Lett. 93, 152903 (2008). 
34. P. Barber, S. Balasubramanian, Y. Anguchamy, S. Gong, Materials. 2, 1697-1733 
(2009). 
35. Y. Sun, Z. Zhang, C.P. Wong, Polym. J. 46, 2297-2305 (2005). 
36. W. Xu, P. He, D. Chen, Eur. Polym. J. 39, 617 (2003). 
 25 
 
37. T.J. Lewis, IEEE. Dielect. Electr. Insul. 11, 739-753 (2004). 
38. T.J. Lewis, J. Phys. D: Appl. Phys. 38, 202 (2005). 
39. S. K. Bhattacharya, R. R. Tummala, J. Mater. Sci. 11, 253 (2000). 
40. P. Kim, N. Doss, J. P. Tillotson, P. J. Hotchkiss, M. J. Pan, S. R. Marder, J. Li, J. P. 
Calame, J. W. Perry, ACS. Nano. 3, 2581 (2009). 
41. P. Kim, S. C. Jones, P. J. Hotchkiss, J. N. Haddock, B. Kippelen, S. R. Marder, J. W. 
Perry, Adv. Mater. 19, 1001 (2007). 
42. M. Roy, J. K. Nelson, R. K.  McCorne, L. S. Schadler, C. W. Reed, R. Keefe, W. 
Zeneger, IEEE Trans. Dielectr. Electr. Insul. 12, 629 (2005). 
43. H. Tang, Y. Lin, H. A. Sodano , SPIE. 8342, 3 (2012). 
44. J. Li, J. Claude, L. E. –F. Norena, S. I. Seok, Q. Wang, Chem. Mater. 20, 6304-6306, 
(2008). 
45. K. Li, S. Liang, Y. Lu, Q. Wang, Macromolecules. 40, 4121 (2007) 
46. R. J. Klein, P. Barber, W. M. Chance,  H. -C. Loye, IEEE. Trans. Dielectr. Electr. 
Insul. 19, 1234 (2012). 
47. Z. Li, L. A. Fredin, P. Tewari, S. A. DiBenedetto, M. T. Lanagan, M. A. Ratner, T. J. 
Marks, Chem. Mater. 22, 5154 (2010). 
48. Y. Shen, Y. Lin, M. Li and C.W. Nan, Adv. Mater. 19. 1418 (2007). 
49. Q. Wang, L. Zhu, J. Polym. Sci. B. 49, 1421 (2011). 
50. X. Hu, J. Li, H. Li, Z. Zhang, J. Polym. Sci. A, 50, 3126 (2012). 
51. S. Zhang, C. Zou, D.I. Kushner, X. Zhou, R. J. Orchard, N. Zhang,  Q.M. Zhang, 
IEEE. Trans. Dielectr. Electr. Insul. 19, 1158 (2012). 
52. V. K. Thakur, E. J. Tan, M.-F. Lin and P. S. Lee, Polym. Chem. 2, 2000 (2011). 
53. V. K. Thakur, E. J. Tan, M.-F. Lin and P. S. Lee, J. Mater. Chem. 21, 3751 (2011). 
54. F. Guan, Z. Yuan, E. W. Shu, Lei. Zhu, Appl. Phys. Lett. 94, 052907 (2009).  
 26 
 





Chapter 2. Electrical Energy Storage in VDF oligomer/PVDF polymer 
blend thin films  
 
2.1 Introduction 
As mentioned Chapter 1, recently,
 
poly(vinylidene fluoride) (PVDF) based ferroelectric 
polymers with high dielectric constant but low breakdown strength (typically below 300~500 
MV/m) have been investigated in the literatures for energy storage applications, and 
improved energy density has been reported (10~25 J/cm
3
), in contrast to the 1~2 J/cm
3
 energy 
density in commercial dielectric capacitors.  
In the family of PVDF-based materials, a particularly important polar material is VDF 
oligomer which has the same molecular configuration as PVDF homopolymer but only 
consists of finite number of repeating VDF monomers.  Similar to PVDF homopolymer, VDF 
oligomer has the highest theoretical maximum polarity in PVDF-based materials [1]. 
Furthermore, VDF oligomer has some advantages over PVDF homopolymer with expected 
higher crystallinity and thus has the potential of achieving even higher polarization. The 
electrical properties of -phase VDF oligomer thin films have been investigated and the films 
exhibited polarization of about 20 % higher than that of PVDF and its copolymers, [2-4] 
indicating the great potential of the material in energy storage applications. To achieve high 
electric energy density, it is preferred to make VDF oligomer crystallize into the non-polar  
phase with reduced remnant polarization (Pr) while maintaining large magnitude of maximum 
polarization.Howeverthere is no study on the energy storage related performance of the -
phase VDF oligomer films, although there are limited preliminary reports on the preparation 
of -phase VDF oligomer films which is probably due to difficulties of forming dense and 
uniform film and controlling the crystalline phase [5,6].  As mentioned in Chapter 1, to 
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reduce Pr and achieve high energy density, the conventional and most studied method on 
PVDF based nonlinear dielectric materials is to use defect modification to transform the 
material to ferroelectric relaxor by irradiation or adding bulky size of groups (e.g. CFE and 
CTFE) into the polymer chain. However, these methods need complicated irradiation 
apparatus or chemical synthesis which substantially increases the material cost and limits the 
commercial application. Further co- or terpolymerization of VDF oligomer induces low 
polarity defects and results in decrease of dipole moments (see Figure 2.1 for comparison of 
VDF oligomer and P(VDF/TrFE) copolymer chain segments as an example).  
 
 
Figure 2.1. Schematic illustration of chain segments: (a) VDF oligomer and (b) P(VDF/TrFE).The 
less polar TrFE units in P(VDF/TrFE) cause lower theoretical polarization compared to VDF 
oligomer. 
Appropriate blending is an effective method for tuning the properties of the nonlinear 
dielectric polymers to achieve high energy density in nonlinear dielectric polymers.  In this 
Chapter, we present the first study of electrical properties of VDF oligomer/PVDF blend 
films on a substrate prepared by solution approach. Dense and highly crystallized VDF 
oligomer/PVDF blend thin films were achieved by solution casting on surface functionalized 
substrates followed by a hot-pressing treatment. 
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2.2 Experimental procedure 
 
2.2.1 Preparation of the polymer blend films 
The solutions of VDF oligomer/PVDF blends with different compositions were prepared 
by dissolving VDF oligomer powder (CHCl2(CH2CF2)17Cl, Mw: 1,208) and PVDF powder 
(Mw: 180,000) in a mixed solvent of dimethylformamide (DMF) and acetone (1:1 in volume) 
at 55 
o
C. The weight ratios of VDF oligomer and PVDF in the solutions were 95/5, 90/10, 
80/20, 70/30 and 60/40. The thin films with a thickness of about 2 m were deposited by 
casting the solutions on Au-coated silicon substrates and subsequently dried at 70 
o
C and 
annealed at 140 
o
C to further improve the crystallinity. To enhance the wetting ability of 
substrate to the solutions for obtaining uniform films, the Au surface was treated with 3-
mercaptopropionic acid (HSCH2CH2COOH) at room temperature before the film deposition. 
After the annealing step, an uniaxial pressure of 60 MPa was applied to the blend films at 
elevated temperature (110~135 
o
C) to eliminate the micro-cracks in the films. A gold layer of 
300 nm in thickness was coated on top of the films as the top electrode (Figure 2.2).  
 




2.2.2 Characterization of the polymer blend films 
The crystalline structure analyses were performed at room temperature using an x-ray 
diffraction system (D8-ADVANCE, Bruker AXS GmbH, Karlsruhe, Germany) and Fourier 
transform infrared (FTIR) spectroscopy (Spectrum 2000, Perkin Elmer, USA). The Young’s 
modulus was measured by Nanoindentation (Agilent, Nano XP). The surface morphology of 
the films was examined using field emission scanning electron microscopy (JSM-6700F, 
JEOL, Japan). Dielectric constant and loss of the samples were measured with an impedance 
analyzer (Agilent 4294 A, 40 Hz-110 MHz). Polarization–electric field hysteresis loops were 
tested at 10 Hz with a standard ferroelectric testing unit (Precision Premier II, Radiant 
Technologies, USA), which was connected with a high voltage source. A High Voltage 
Amplifier System (Trek Model 610D) was used for electrical breakdown testing. All high 
voltage testing was performed in silicon oil. 
 
2.3 Results and discussion 
In this investigation, we systematically examined the structure, morphology, and electrical 
properties of the VDF oligomer/PVDF blend thin films with the objective of tuning the 
polymer properties in order to identify the most suitable blend for energy storage 
applications. 
2.3.1 Crystalline structure 
Based on the structural studies, PVDF-based polymers have four main crystalline phases, 
designated as α, β, γ and δ. These crystalline phases are schematically depicted in Figure 2.3. 
In non-polar α phase, the chains have distorted trans-gauche-trans-gauche’ (TGTG’) 
conformation. Chains in the polar β phase have a planar zigzag, all-trans (TTT) conformation. 
In γ phase the chains have (T3GT3G’) conformation, and in δ phase the molecular 
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conformation is the same as that in α phase. The major difference between α and δ phase is 
the orientation of the dipole moments of the two molecules in the unit cell. In δ phase the 
dipole moments are parallel and in α phase they are anti-parallel. Both of δ and γ phases have 
polar unit cells, but the dipole moments are smaller than that in the β phase [7-9]. As energy 
loss in α phase is less than ferroelectric phase, α phase is more favourable for energy storage 
applications.  
 
Figure 2.3. Crystal structures of different phases in PVDF-based polymers 
The crystalline phases of polymer blend film were characterized by the infrared absorption 
bands between 700 and 1500 cm
-1
. The bands at 879 cm
-1
 are attributed to the amorphous 
phase and could not be used to identify any of crystalline phases in the film. The bands at 
764, 796, 855, 970, 1214 and 1383 cm
-1 
refer to α phase.  The bands at 776, 812, and 833 cm-
1
 are related to the γ phase. The 840 cm-1 band is common to the β and γ phases. A sharp and 
well defined band indicates β phase, whereas a broad band indicates γ phase. The bands at 
1278 and 1431 cm
-1 
correspond to the β phase [10].  
FTIR analysis and the spectra of the blend of VDF Oligomer/PVDF (80/20) shows that the 





 are attributed to α-phase, only very weak absorption at 1278 cm-1 and no 
absorption at 840 cm
-1
 that are characteristic band of β-phase (Figure 2.4). The other samples 
with different compositions have the similar results. 
  
Figure 2.4. The FTIR spectra of the VDF oligomer/PVDF (80/20) thin film. The unmarked peaks are 
common to all phases. 
The X-ray diffraction (XRD) patterns of the VDF oligomer/PVDF blend films in various 
compositions are shown in Figure 2.5.  




































Figure 2.5. XRD patterns for the blend films with different VDF oligomer/PVDF ratios. 
It is evident that the XRD patterns of all the blend films show peaks at 2=17.7o, 20.0o, 
corresponding to the diffraction of planes (100), (110) of  phase, respectively [11]. With 
increasing VDF oligomer content, the intensity of diffraction peaks increased greatly, 
indicating the improved crystallinity with the increase of VDF oligomer.  
 
2.3.2 Morphology and spherulites structure 
Figures 2.6 (a) and (b) show the surface morphology of VDF oligomer film and VDF 
oligomer/PVDF (80/20) blend film, respectively. A large number of micro-cracks between 
lamellae of spherulites were found in the as-dried VDF oligomer films, while the micro-
cracks were significantly eliminated in the blend film. The micro-cracks resulted in serious 
electrical shorting and no useful electrical properties could be obtained. The smaller micro-
cracks were further eliminated by the subsequent hot-pressing treatment.  




























Figure 2.6. Optical images of the as-dried films before the hot-pressing treatment: (a) VDF oligomer 
film, (b) VDF oligomer/PVDF (80/20) blend film. 
Figure 2.7 (a) presents the surface of the blend films after hot-press process observed 
under polarized microscope. The films exhibited well-grown spherulites with size of 100~250 
µm, which were almost more than 10 times as large as those of PVDF film (Figure 2.7 (b)). 
The formation of the larger spherulites may result from the much shorter molecular chains of 
VDF oligomer. The short molecular chains of VDF oligomer possess high mobility with fast 
diffusion rate during crystallization process, leading to highly crystallized thick lamellas. In 
contrast, the long chains of PVDF tended to be highly entangled with low mobility, thus 
resulting in low crystallinity with broad range of crystal sizes. Therefore, the overall 
crystallinity of the blend films decreased with increasing content of PVDF. In addition, 
during the crystallization process, short molecular chains possess slightly higher nucleation 
rate but significantly higher growth rate than the long chain polymers, and thus the larger 
spherulites are formed with more VDF in the blend. Large spherulites were also observed in 
the study of H. L. Chen on the spherulitic crystallization behavior of poly(ε-caprolactone) due 





Figure 2.7. Spherulites of solution-casted films observed under polarized microscope: (a) VDF 
oligomer/PVDF (80/20) blend film, (b) α-phase PVDF. The molecular weight of VDF oligomer and 






2.3.3 Dielectric properties  
2.3.3.1 Dielectric constant 
Figure 2.8 presents the frequency dependence of dielectric constant of the VDF oligomer and 
PVDF blend films with different content of PVDF.  
 
Figure 2.8. Frequency dependence of the dielectric constant at room temperature for VDF 
oligomer/PVDF blends. 
With the concentration of PVDF increased from 5 to 40 %, the dielectric constant of the 
blend films decreased from 6.1 to 4.0.  It is interesting to note that the decrease of dielectric 
constant with increasing PVDF with much larger dielectric constant, in contrast to 
conventional dielectric blends in which the component with higher dielectric constant usually 
increases the overall dielectric constant of the blend.  The reason for the decreased dielectric 
constant may be due to the weakened spatial rotation ability of dipoles limited by the rigid 






































2.3.3.2 Electrical breakdown strength 
Electrical breakdown strength of the polymers plays a critical role in the energy storage 
density of linear and nonlinear dielectric polymers. There are three breakdown mechanisms; 
electronic, thermal and electromechanical. In the thermal breakdown, the temperature of the 
dielectric material increases and consequently electrical conductivity increases. In the 
electronic breakdown, electrons being accelerated as the result of electric field and electric 
conductivity increases. In electromechanical breakdown, mechanical failure happens in 
dielectric materials as a result of electrostatic forces. It is well accepted that the 
electromechanical breakdown is the major mechanism responsible for the electrical 
breakdown of polymers at room temperature. As for electromechanical breakdown, many 
polymers have been found to follow the Stark-Garton model [13], where the 












          (2.1)  
where Y is elastic modulus, 0 is the dielectric constant of vacuum and r is the dielectric 
constant of the material. VDF oligomer/PVDF blends could potentially possess higher elastic 
modulus due to the high crystallinity.  Furthermore, in consideration of its relatively lower 
dielectric constant, VDF oligomer should be able to withstand electric field higher than that 
of the PVDF. 
The breakdown tests were performed on the prepared samples by applying voltage from a 
high voltage supplier. The ramp rate of the high voltage supplier was fixed on 500 V/s, 
according ASTM standard. To avoid air breakdown, the samples were immersed into the 
silicon oil. Each sample from the same material may exhibit different breakdown voltage due 
to random structure. Therefore the breakdown voltage is a random variable which 
necessitates a statistical analysis of breakdown data. Electrical breakdown is a kind of system 
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failure. The Weibull distribution is a common distribution which is utilized for system failure 
analysis.  The breakdown values were obtained from Weibull analysis. For every blend film, 
at least 20 measurements were made for the analysis, where a Weibull cumulative 
distribution functions of the form: 




                     (2.2)                 
was used [14].
 
 The x is the measured electrical breakdown strength and the parameter, 
known as the scale parameter, is the electric field at which at least 63.2% of the samples were 
observed to fail. The parameter , known as the shape parameter, evaluates the scatter of the 
data. A large  corresponds to a narrow distribution of the breakdown field. As shown in 
Figure 2.9, the blend film (80/20) showed  and  parameters as 820.1 and 8.6, respectively.  
 
Figure 2.9. Weibull distribution of the breakdown field of VDF oligomer/PVDF (80/20) blend film. 
A  parameter of 12.2 has been reported for PVDF-based polymer film with a breakdown 
field of 600 MV/m [15]. To the best of our knowledge, there is no report of  parameter for 
PVDF-based materials with breakdown field of 820 MV/m.  






















Figure 2.10, presents the dielectric constant at both low electric field and high field, 
Young’s modulus and breakdown strength as experimentally measured for the VDF oligomer 
and PVDF blend films with different content of PVDF.  
 
 
Figure 2.10. The dielectric constant at both low electric field and high field, Young’s modulus and 
dielectric breakdown strength as experimentally measured for the VDF oligomer and PVDF blend 
films with different content of PVDF. 
It was found that the blends with higher PVDF contents showed higher Young’s modulus, 
although pure PVDF had the lowest Young’s modulus. Since the proportion of crystalline 
phase decreased with increasing PVDF content as shown in Figure 2.5, it is suggested that the 
increase in Young’s modulus could be due to the denser amorphous phase resulted from the 
incorporation of long chain PVDF in the short chain VDF oligomer. 
It is evident from Figure 2.10 that the breakdown strength of the blend films increased 
with increasing PVDF content. At the composition of VDF oligomer/PVDF (60/40), the 
breakdown strength of the blend film evaluated by Weibull analysis is 868 MV/m, which 
may be the highest value reported in all the PVDF-based materials [16,17]. 
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It should be noted that the breakdown strength values calculated from the Stark-Garton 
model are higher than those measured from experiment (Figure 2.11), which is also observed 
in many other polymers [17,18].  
 
Figure 2.11. Experimental and calculated dielectric breakdown strengths of the VDF oligomer/PVDF 
blend films as a function of PVDF content.
 
 The overestimation of breakdown strength by the Stark-Garton model is because the 
model assumes linear elastic stress-strain relations, which is not accurate for some soft 
polymers. It is evident that the breakdown strength values changing with PVDF content 
follows a similar trend for both experimental and theoretical data, revealing that the Stark-
Garton model well qualitatively explains the change of breakdown strength in the blend 
films. 
2.3.3.3 Mechanism responsible for enhanced breakdown strength   
The observed high breakdown strength in the blend films may be attributable to the 
densification of the amorphous phase between lamellae. As discussed above, the as-dried 
VDF oligomer film showed many micro-cracks, which are resulted from the severe 































disentanglement and high crystallization rate of the VDF oligomer. According to the studies 
on the crystallization behavior of polymer blends [19], primary lamellar arms of the rapidly 
crystallizing species form first during crystallization process of semicrystalline polymers, 
followed by the more slowly crystallizing species and amorphous phase forming between the 
primary lamellar arms. Consequently, many inter-lamellar cracks in spherulites were formed 
in the films with short molecular chains. Here the high mobility and large diffusivity of the 
VDF oligomer molecules quickly crystallized into thick lamellae, and the fast crystallization 
rate and large volume shrinkage resulted in micro-cracks or voids between lamellar arms, as 
schematically shown in Figure 2.12(b) and supported by Figure 2.6(a). Although the hot-
pressing treatment could reduce cracks found on surface, formation of the micro-cracks or 
voids during crystallization could induce micro-defects in the film, and cause the dielectric 
strength lower than its intrinsic value even after the hot-pressing treatment. Studies on 
electrical breakdown of semicrystalline polymers showed that, in the early stage of 
breakdown, the electrical tree initializes from amorphous part between lamellae and grow 
parallel to the lamellae rather than growing in the direction of maximum electric field [20]. 
Therefore, amorphous phase is more vulnerable to electrical breakdown in semicrystalline 
polymers, while lamellae can serve as barriers deflecting the growing electrical tree. In 
addition, our group previous study on dielectric properties of P(VDF/TrFE) films showed that 
inter-lamellae micro-defects in films seriously reduced the breakdown strength especially 
under AC electric field [21]. The addition of high molecular weight PVDF into VDF 
oligomer could effectively reinforce the volume between lamellae, as schematically 
illustrated in Figure 2.12(c). As a result, the micro-cracks and voids were significantly 
reduced between the spherulites of as-dried VDF oligomer/PVDF blend film (Figure 2.6(b)). 
Therefore, substantially improved breakdown strength was achieved in the VDF 





Figure 2.12. Schematic illustrations of the microstructure of: (a) PVDF, (b) VDF oligomer, and (c) 
VDF oligomer/PVDF blend. The green (or light) and black lines represent PVDF and VDF oligomer 
molecular chains, respectively. The thicknesses of the crystalline and amorphous parts are not drawn 
to scale. 
2.3.3.4 Mechanism responsible for decreased dielectric constant 
As schematically illustrated in Figure 2.12(a)-(c), compared to PVDF with large amount 
of long chain amorphous phase (Figure 2.12(a)) and VDF oligomer with voids existing in the 
amorphous phase (Figure 2.12(b) and also refer to Figure 2.6), the small amount of 
amorphous phase of VDF oligomer/PVDF blends is more densely packed with the 
incorporation of both long chains and short chains, leading to higher Young’s modulus as 
observed. According to the Kirkwood theory in condensed phase [22], dipole moments of 
molecules or groups strongly interact in a densely packed dielectric material, and the 
interaction can result in reduced mobility of dipole moments in response to the electric field. 
For example, polytetrafluoroethylene possesses low dielectric constant (~2.2) despite the 
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highly polar C-F groups due to the densely packed molecular configuration and physical 
structure. Moreover, as many chains link the amorphous and crystalline phase together by 
entering from one phase to another [23,24], 
 
the rigid amorphous phase also confines the 
chains in crystalline phase. Therefore, the densely packed and rigid amorphous phase has an 
immobilizing effect on spatial rotation of dipoles of both amorphous and crystalline phases of 
the blends, and thus leads to lower dielectric constant. In addition, the probability of dipole 
cancellation in condense amorphous phase is higher, which may also result in the lower 
dielectric constant. It should be noted that crystalline phase of PVDF-based material have 
lower contribution than the amorphous phase to the dielectric constant measured at low 
electric field. It has been reported that highly crystallized P(VDF/TrFE) films with almost no 
amorphous phase showed dielectric constant of 5~6 [25], which is much lower than the semi-
crystallized counterparts (11~12) [21]. 
2.3.3.5 High field displacement and energy density  
 Figure 2.13 depicts unipolar hysteresis loops for polymer blend films, which measured at 
the same electric field (500 MV/m). It is evident that at high electric field, larger dielectric 
constant (slope of the hysteresis loops) and higher maximum polarization achieved for blend 
films with a larger VDF content.  
 Figure 2.14 presents the D-E hysteresis loop of VDF oligomer/PVDF (80/20) film, which 
shows a high maximum polarization of 162 mC/m
2
 with breakdown strength of 820 MV/m. 
The combination of high polarization and high breakdown strength render large energy 
densities of the blends. The electric energy density of the film is above 27.3 J/cm
3
, which 




Figure 2.13. Unipolar hysteresis loops for VDF oligomer/PVDF blend films measured at 500 MV/m. 
The energy loss of the VDF oligomer/PVDF (80/20) film was 33%, which was calculated 
based on the D-E hysteresis loop result tested under uni-polar electric field. The loss is larger 
than linear dielectric polymers, but smaller than typical PVDF-based materials [27]. A 
relatively higher loss is common in nonlinear dielectric polymers including this blend, and 
this is a significant disadvantage when such capacitors are used under high frequency AC 
condition. However, they can well be used in DC or pulsed mode in which the AC loss is not 
a significant factor. It should also be noted that for polymers with much lower energy loss, 
such as polyurea (loss: 15% at 800 MV/m) and commercial low loss biaxially-oriented 
polypropylene (loss: 5%) [28], their energy densities are only 10~40% of that of the VDF 
oligomer/PVDF (80/20) blend films. Therefore, the overall performance properties make the 
blend films promising for energy storage applications in which the loss is not a significant 
factor, particularly under DC or pulsed mode. 


































Figure 2.14. The D-E hysteresis loops of the VDF/PVDF (80/20) measured under bi-polar and uni-































Figure 2.15. Discharged energy density as a function of applied field amplitude for VDF 
oligomer/PVDF blend films. 
 
Energy densities of above 20 J/cm
3
 were also observed in blend films with other ratios, as 
shown in Figure 2.15. Table 2.1 summarizes the electrical and mechanical properties of the 
obtained VDF oligomer/PVDF blends. 
  



































Table 2.1. Summary of the electrical and mechanical properties of VDF oligomer/PVDF 




Dielectric constant  















95/5 6.1/15.5 3.0 570 ±8/2813 8.7 
90/10 5.8/13.9 3.3 610 ±9/3114 11.8 
80/20 4.9/13.5 4.6 820 ±12/3725 27.3 
70/30 4.4/13.0 4.6 855 ±14.3/3800 24.0 
60/40 4.0/12.3 4.8 868 ±20/3991 22.0 
PVDF)   ±25/1983 
^





In summary, the effects of blending short chain VDF oligomer and long chain PVDF 
polymer on dielectric properties and energy density of the polymer films were investigated. 
Dense phase blend films of VDF oligomer and PVDF polymer of various compositions 
were prepared from chemical solution deposition method. The blend films exhibited 
unexpectedly reduced dielectric constant, significantly enhanced mechanical strength and 
dielectric breakdown strength (up to 868 MV/m in contrast to 300~500 MV/m for typical 
PVDF-based polymer films). Thus a maximum polarization of 162 mC/m² and a large 
electric energy density up to 27.3 J/cm³ were obtained. These properties were attributed to the 
unique blend structure with significantly high crystallinity and densely packed rigid 
amorphous phase incorporating both long and short chains of PVDF and VDF oligomer. The 
low-cost and scalable chemical solution deposition method and the high energy storage 
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performance of the VDF oligomer/PVDF blend films suggest that they have great potential 
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Chapter 3. Electrical energy storage in P(VDF-HFP)/PVDF polymer blend 
films 
 
3.1 Introduction  
To improve the energy density of PVDF-based polymers, the remnant polarization in such 
materials needs to be reduced and the dielectric breakdown strength increased [1,2]. In 
Chapter 2, it was shown that homogeneous blending of PVDF-based homopolymers is an 
efficient method for modifying the structure of the base polymers and obtaining the desired 
properties of polymer systems, based on the structure and property of the blended 
components for energy storage application. In the early investigations on P(VDF-HFP) after 
process optimization, a high breakdown field of up to ~700 MV/m was achieved and a high 
energy density of up to 25 J/cm
3
 was obtained [3]. Therefore, among PVDF-based polymers, 
P(VDF-HFP) copolymer has intrinsic high breakdown strength. Furthermore, the α-phase 
P(VDF-HFP) may be very promising for energy storage applications since more charges can 
be released during the discharge process, as it does not have substantial remnant polarization. 
It is desirable to further modify the properties of α-phase P(VDF-HFP) for energy storage 
application via polymer blending. In this Chapter, dielectric properties and energy density of 
the blends of P(VDF-HFP) copolymer and PVDF homopolymer are investigated, which were 
prepared from a chemical solution deposition followed by quenching and annealing. The 
materials exhibited improved crystallinity of α-phase and enhanced electromechanical 
dielectric breakdown strength. A significant enhancement of energy density, in excess of 30 
J/cm
3




3.2 Experimental procedure 
3.2.1 Preparation of polymer blend thin films 
Solutions containing different amounts of P(VDF-HFP) and PVDF were prepared by 
dissolving the polymers in N,N-dimethylformamide (DMF) at 55
 o
C for 12 hours. Polymer 
films with a thickness of ~4 µm were deposited by spin coating of the solution onto glass 
substrates, followed by drying at 70 
o
C. Previous work on P(VDF-HFP) showed that 
quenching followed by annealing led to formation of the α-phase in the resulting films [4]. 
Here, α-phase polymer blend films were prepared by heating the films at 190 oC, followed 
immediately by quenching in an ice-water bath. The quenched films were peeled off from the 
glass substrates and annealed at 140 
o
C. To improve the quality of the films, a uniaxial 
pressure (100-150 MPa) was applied on the polymer blend films at elevated temperature. To 
apply the hot-press treatment, polymer films were placed between two aluminum plates with 
surface roughness about ~10 Å. As shown in Figure 3.1, this hot-pressing treatment is able to 
eliminate the voids and micro cracks found on the surface. Platinum electrodes with a 





Figure 3.1. SEM images of the P(VDF-HFP)/PVDF (50/50) blend film: (a) before hot-pressing, and 
(b) after hot-pressing 
 
3.2.2 Characterization of polymer blend films 
The crystalline structure analyses were performed at room temperature using an x-ray 
diffraction system (D8-ADVANCE, Bruker AXS GmbH, Karlsruhe, Germany) and Fourier 
transform infrared (FTIR) spectroscopy (Spectrum 2000, Perkin Elmer, USA). The Young’s 
modulus was measured by Nanoindentation (Agilent, Nano XP). Thermal properties of the 
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polymer blend were measured with differential scanning calorimetry (DSC). The surface 
morphology of the films was examined using field emission scanning electron microscopy 
(JSM-6700F, JEOL, Japan). Discharge curve was measured with a circuit in which the 
sample was first charged by a high voltage source (Spellman, SL60), and then through a 
switch, the sample was discharged to external resistors monitored with an oscilloscope 
(Tektronix, AFG 3101). Polarization–electric field hysteresis loops were tested at 10 Hz with 
a standard ferroelectric testing unit (Precision Premier II, Radiant Technologies, USA), which 
was connected with a high voltage source. Frequency dependence dielectric constants were 
measured with an impedance analyzer (HP4194A). 
 
3.3 Results and discussion 
3.3.1 Crystalline structure 
Fourier transform infrared (FTIR)  analysis for the blend of poly(vinylidene fluoride-
hexafluoropropylene) (P(VDF-HFP)/poly(vinylidene fluoride) (PVDF)  (50/50) shows that 
the alpha phase is dominant in the polymer film, with absorption bands at 763,796, 855, 970, 
and 1383 cm
-1
 attributed to alpha phase, only very weak absorption at 1278 cm
-1
 and no 
absorption at 840 cm
-1





Figure 3.2. FTIR spectra of P(VDF-HFP)/PVDF (50/50) film. The unmarked peaks are common to all 
phases 
XRD patterns of the P(VDF-HFP)/PVDF films with the different compositions and the 
same thickness in Figure 3.3 show that the intensity of the diffraction peaks (2θ=17.8°, 
2θ=19.9° attributed to α(020), α(110)) increases when the PVDF content is increased from 0 
to 50 wt %, indicating enhanced crystallinity in the P(VDF-HFP)/PVDF blends.  



















































Figure 3.3. XRD patterns for quenched-annealed P(VDF-HFP)/PVDF blend films. 
Differential scanning calorimetry (DSC) results shown in Figure 3.4 indicate that the total 
heat of melting, as well as the melting temperature of the blends, increased when the PVDF 
concentration in the blend was increased to 50% by weight; this may indicate greater 
crystallinity in the polymer blends. In addition, the single endothermic peak or the two very 
close endothermic peaks in the DSC curves suggest that the polymer blends are highly 
homogenous, even with high concentrations of PVDF up to 50 wt %. Scanning electron 
microscopic (SEM) images of the blend film with 50 wt % PVDF revealed a homogeneous 
morphology (Figure 3.1) 



































Figure 3.4. DSC results for P(VDF-HFP)/PVDF blends corresponding to a heating rate of 5 °Cmin
-1
 
The thermal analysis and XRD results suggest that strong intermolecular interactions 
exists between PVDF and P(VDF-HFP) in the quenched polymer blend during the 
recrystallization process, which  increases the resulting crystallinity. 
 
3.3.2 Dielectric properties 
3.3.2.1 Low and high field dielectric constant 
The dielectric constants of P(VDF-HFP)/PVDF blend films with different amounts of 
PVDF at low electric field were measured using an impedance analyzer. As depicted in 
Figure 3.5, the low field dielectric constants of pure P(VDF-HFP) and PVDF films were 8.4 
and 8 respectively at 1 kHz. The addition of PVDF into P(VDF-HFP) changed the electrical 
properties of P(VDF-HFP). When the concentration of PVDF in the polymer blends was 























Figure 3.5. Frequency dependence of the dielectric constant at room temperature for   P(VDF-
HFP)/PVDF blends. 
Figure 3.6 depicts unipolar hysteresis loops for blends that were measured at the same 
electric field (600 MV/m). It is evident that at high electric fields, larger dielectric constant 
(slope of the hysteresis loops) and higher maximum polarization were achieved for the blend 
films with a larger PVDF content. As illustrated in Figure 3.6, the larger maximum 
polarization in the blend films with higher PVDF contents is also confirmed at high electric 
field. Improving the dielectric constant of the blends by increasing the PVDF content may be 
related to the increased density of dipoles, because the dipole density in PVDF is higher than 













































Figure 3.6. Unipolar hystersis loops for P(VDF-HFP)/PVDF blend films measured at 600 MV/m. 
However, the pure PVDF examined exhibited a lower dielectric constant compared to PVDF/ 
P(VDF-HFP) blends, probably because of much poorer crystallinity in the quenched PVDF. 
In addition, polarization and dielectric loss of the polymer blends were slightly higher than 
those of the pure P(VDF-HFP), which may be related to the contribution of interfacial 
polarization.  
 
3.3.2.2 Dielectric breakdown strength  
The electric breakdown strengths of the polymer blends were determined using Weibull 
analysis. At least 20 measurements were conducted for each sample at room temperature. The 
measurements show that the breakdown strength of pure P(VDF-HFP) film after hot-pressing 
was about 720 MV/m; with incorporation of 50 wt % PVDF into P(VDF-HFP), the 
breakdown strength was increased to values higher than 850 MV/m. As shown in Figure 3.7, 
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the blend film (50/50) showed α and β parameters of Weibull analysis of 854 and 12.3, 
respectively. 
 
Figure 3.7. Weibull distribution of breakdown field for P(VDF-HFP)/PVDF (50/50) blend film. 
Stark and Garton have proposed a model to describe the electromechanical breakdown 
strength of the semicrystalline polymers, in which polymers with a higher modulus of 
elasticity have higher electric breakdown strength [6].   
The Young’s moduli of the blend films were measured by nanoindentation method. Depth 
of indentation for the films with 5 µm thickness was 1 µm. The experimental data showed 
that increasing the PVDF content from 0 to 50 wt % raises the elastic modulus and 
breakdown strength of the polymer blend films. It is interesting to note that there is a 
decrease in the breakdown strength with a further increase in the PVDF content to 60 wt %. 
The comparison of breakdown strength of the films (using Weibull analysis) and calculated 
from the Stark-Garton model with the dielectric constant measured at high field is shown in 
Figure 3.8. 





















Figure 3.8. Experimental and calculated dielectric breakdown strengths of the P(VDF-HFP) /PVDF 
blend films as a function of PVDF content. 
The breakdown strength value changing with PVDF content follows a similar trend for both 
experimental and theoretical data, revealing that the Stark-Garton model well qualitatively 
explains the change of breakdown strength in the blend films.  
3.3.3 Atomic simulations 
Atomic simulations were performed for analyzing the intermolecular interactions in the 
homogeneous P(VDF-HFP)/PVDF blends. Atomic structures of both P(VDF-HFP) and 
PVDF chains were generated using Materials Studio 5.5. The atomic chain structures 
generated were processed by Matlab R2010b to establish three crystalline polymer 
configurations: pure PVDF, pure P(VDF-HFP) and a blend of these two polymers with equal 
weight fraction. These three configurations were generated by applying Periodic Boundary 
Conditions (PBC). Energy minimization was performed for the structures by employing the 
COMPASS forcefield, via an NVT and subsequently an NPT ensemble corresponding to 300 
K, 0.1 MPa and 1 fs timestep. Moreover, to estimate the accuracy of the COMPASS 
































. It was observed that the densities obtained corresponded well 
with experimental data [7]. The atomic simulations show that these polymers have different 
tendencies to form crystalline structures. Therefore, to compare these tendencies, the 
cohesive energy (    ) of each crystalline structure was measured [8]. This quantity shows 
the difference between the energy of the crystalline structure and the summation of the 
energy corresponding to single chain.  







           (3.1) 
where cohE  has units of Kcal/mol per carbon atom,           is the energy of the crystal, 
                is the energy of an isolated single chain, N is the number of chains in the 
periodic box and     is the number of carbon atoms in the crystal structure. It is observed that 
if       has higher negative values, the material is more inclined to form crystalline phases. 
By calculating                 for trans-gauge (TG) PVDF and P(VDF-HFP), and  
determining the periodic crystal box energies (Ecrystal) for these polymers, the Ecoh can be 
obtained, as shown in Table 3.1.  
Table 3.1. Cohesive energy of polymer crystal structures (Kcal/mol per carbon atom) 
Polymer PVDF P(VDF-HFP) P(VDF-HFP)/PVDF 
Blend  
     -2.507 -3.581 -3.754 
Table 3.1 shows that there is a greater decrease in the energy level associated with formation 
of a crystalline structure in the blend composition. Therefore, formation of a crystalline phase 
in the blend is more likely, compared to pure PVFD and P(VDF-HFP). The greater 




This higher crystallinity is a result of intermolecular polar interaction between the 
electronegative fluorine in the CF3 group of P(VDF-HFP) and the electropositive hydrogen in 
PVDF. Molecular dynamics simulation shows a partial charge of -0.260 for each fluorine 
atom in CF3 and +0.053 for each hydrogen atom in PVDF. As depicted in Figure 3.9, the 
monomer length of the energy minimized isolated P(VDF-HFP) chain is roughly two times 
that of the energy minimized PVDF monomer length. Therefore, the polar interaction 
mentioned can be repeated periodically along the chain. This polar interaction appears to be 
the major force causing the chains to align parallel to each other and consequently enhances 
the reconfiguration and crystallinity of the polymer blend. 
 
Figure 3.9. Schematic illustration for the intermolecular interaction between electropositive hydrogen 
in PVDF and electronegative fluorine in P(VDF-HFP). 
The simulation results show that greater crystallinity could be the result of polar 
interaction between electronegative fluorine in the CF3 groups of P(VDF-HFP) and 
electropositive hydrogen in PVDF. The electrostatic interaction between these two groups in 
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the blends is stronger than that for other groups in each pure polymer, while three 
electronegatively charged fluorine atoms interact with two electropositively charged 
hydrogen atoms. This polar interaction appears to be the major force constraining the chains 
to be parallel with one another, and consequently changes the local structural configuration 
and improves the crystallinity of the polymer blend.  Improved configuration and crystallinity 
in the blends are responsible for the observed enhancement of the elastic modulus and thus 
the dielectric breakdown strength. Although the intermolecular interactions exist they are 
relatively weak in the blended films, since there are still two melting peaks appearing in the 
DSC results in Figure 3.4, indicating the two phases coexist. 
3.3.4 Discharge behavior of the polymer blend films 
The measured discharge curve of the P(VDF-HFP)/PVDF blend film is given in Figure 
3.10. As expected from the nature of the dielectric storage, the discharging process is 
extremely fast. For the P(VDF-HFP)/PVDF blend film, the discharging time is in the order of 
µsec. 
 
Figure 3.10. The measured discharge curve for a PVDF/P(VDF/HFP) (50/50) blend film with the 
exponential fitting curve. 
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The discharge speed of nonlinear dielectric polymers was mainly determined by the RC 
(resistance-capacitance) delay in the electric circuit. In this case, the capacitance of the 
P(VDF-HFP/PVDF) (50/50 wt %) sample had a capacitance of 58 PF and the external load 
resistance was 50 K without taking into account the internal resistance. The theoretical 
relaxation time (τ) is defined from: 
   0 /V t V exp t               (3.2)    
and 
RC             (3.3) 
The calculated relaxation time (from Eq 3.3) is 2.96 s. 
The measured decay time was determined from the discharge curve when 
   0 01  0.37    V V exp V    . 
Thus, the measured decay time was ~ 3.20 s for polymer blend sample, which is very close to the 
calculated RC delay time. 
3.3.5 Discharged energy density of the polymer blend films 






                  (3.4)
 
where E is the maximum applied electric field, D the electric displacement, εr the dielectric 
constant of the material, and ε0 the vacuum permittivity. To achieve a high energy density, a 
high dielectric constant and high electric field are desired.  The results present here show that 
blending P(VDF-HFP) and PVDF improved the dielectric constant and breakdown strength 
of the polymer films. The energy density of the P(VDF-HFP)/PVDF blends, determined from 
the unipolar P-E hysteresis loops, is presented in Figure 3.11(a), and the unipolar hysteresis 
 66 
 
loops of the blend film with 50 wt % PVDF at different electric field are given in Figure 
3.11(b).  
 
Figure 3.10. (a) Discharged energy density as a function of applied field for P(VDF-HFP)/PVDF 
blend films. (b) D-E hysteresis loops for P(VDF-HFP)/PVDF (50/50 wt %) measured under different 
unipolar electric fields. 































































The measured data show that the discharged energy density of the P(VDF-HFP)/PVDF 
blend with a 50 wt % PVDF is 30.1 J/cm
3
 for an electric field of about 854 MV/m. This 
dielectric energy density may be among the highest values ever reported for polymer 
materials [9,10]. 
 The energy loss of the P(VDF-HFP)/PVDF (50/50) film was 23%, which was calculated 
based on the D-E hysteresis loop result tested under uni-polar electric field at the breakdown 
field. Table 3.2 summarizes the electrical, mechanical and thermal properties of the P(VDF-
HFP)/PVDF polymer blend films of different compositions.  


























100/0 8.4/16.1 2.40 720 46.0 19.3 
90/10 8.5/16.7 2.65 740 46.2 20.1 
80/20 8.7/17.1 2.71 751 47.5 21.9 
60/40 8.9/18.3 2.78 807 48.1 23.5 
50/50 9.1/19.6 2.90 854 48.2 30.1 
40/60 9.0/-
b
 2.10 560 45.5 12.8 
0/100 8.0/-
b
 1.84 370 - 4.9 
a
High field values were calculated from D-E hysteresis loops at an electric field of 600 MV/m. 
b
These two samples could not sustain 600 MV/m. 
c






In summary, homogeneous P(VDF-HFP)/PVDF blend films with an α-phase were 
prepared via a chemical solution approach, followed by quenching, annealing and hot 
pressing treatments. Arising from intermolecular electrostatic interactions between PVDF and 
P(VDF-HFP) in the highly uniform polymer blends as analyzed with the atomic simulation,  
structural reconfiguration, a higher melting temperature, higher crystallinity, larger elastic 
modulus, and a consequent improved breakdown strength (>850 MV/m) were observed when 
compared with either of the two constituent polymers PVDF or P(VDF-HFP). In addition, the 
P(VDF-HFP)/PVDF blend film also exhibited a larger dielectric constant, possibly 
contributed by interfacial polarization, structural reconfiguration and improved crystallinity. 
Consequently, an extremely high energy density of 30.1 J/cm
3
 was achieved in P(VDF-
HFP)/PVDF (50:50 by weight) blend films.  It is shown that appropriate intermolecular 
interactions between polar groups in a polymer blend may contribute to improving 
breakdown strength and maximum energy density. It will be interesting to apply and 
investigate this methodology in other polymer blend systems with highly polar groups for 








1. Z. Li, M. D. Arbatti and Z. Y. Cheng, Proc. SPIE 5385, 99 (2005). 
2. F. Guan, J. Pan, J. Wang, and L. Zhu. Macromolecules. 43, 384 (2010). 
3. B. Chu, B. Neese, M. Lin, S. Lu, and Q. M. Zhang, Appl. Phys. Lett. 93, 152903 
(2008). 
4. X. He, K. Yao, B. K. Gan, J. Appl. Phys. 97, 084101 (2005). 
5. F. Guan, J. Pan, J. Wang, and L. Zhu. Macromolecules. 43, 384 (2010). 
6. K. H. Stark and C. G. Garton, Nature 176, 1225 (1955). 
7. M. F. Ashby, D.R. H. Jones, Engineering materials 1: an introduction to their 
properties and applications, Butterworth-Heinemann, Oxford, UK, (1996). 
8. H. Su, A. Strachan, W. A. Goddard, Phys. Rev. B. 70, 064101 (2004). 
9. Y. Wang, X. Zhou, Q. Chen, B. Chu, and Q. M. Zhang, IEEE Trans. Dielectr. Electr. 
Insul. 17, 1036 (2010). 




Chapter 4. P(VDF-HFP)/BT@TiO2 core-shell structured nanocomposite 
 
4.1 Introduction 
There are two major types of conventional dielectric materials for capacitor technologies: 
ceramic and polymer. Ceramic materials like ferroelectric BaTiO3 (BT) or other ceramics 
feature a very high dielectric constant εr > 1000 due to their large polarization [1].
 
However, 
the relatively low breakdown strength and large remnant polarization significantly limit the 
achievable energy density. Linear dielectric polymers and ferroelectric polymers with high 
energy density possess high breakdown strength, but they have low dielectric constant and 
thus only low energy densities can be obtained at lower electrical field [2,3].  
More recently composites comprising polymer matrix and ceramic particles have become 
a strenuous topic of research for exploring their dielectric properties for energy storage 
applications. Such polymer-ceramic composite system is regarded as a combination of 
processability and high breakdown strength of the polymer matrix and the high dielectric 
dielectric constant of the ceramic fillers.  
A number of experimental and theoretical studies have been carried out to develop 
nanocomposites with high energy density through improving dielectric constant and 
breakdown field [4]. As the interface between polymer and ceramic plays an important role in 
determining the dielectric properties, earlier researches mainly focused on understanding the 
chemistry and structure of polymer-ceramic interfaces [5-7]. Moreover uniform dispersion of 
nanoparticles in the nanocomposites is required, because nanoparticles agglomeration will 
lead to degraded electrical properties. Chemical modification of nanoparticles is a useful 
method to facilitate the dispersion of nanoparticles. For instance, using surfactant and 
covalent grafting of the nanoparticles to polymer chains can enhance nanoparticles dispersion 
in polymer matrix [8-9]. Compatibility between the dielectric constants of the filler and 
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matrix can effectively reduce the local electric field, which can potentially lead to an 
improved dielectric strength. Therefore, to increase the compatibility between the dielectric 
constants, and also to form electrical barriers between particles, core-shell structured filler 
was proposed and studied as fillers instead of using high dielectric constant ceramic 
nanoparticles or conductive filler [10,11].
 
  
Choosing an appropriate interlayer is very critical to modify the properties of 
nanocomposite. For instances, some interlayers like silane may enhance bonding with the 
matrix, and some metal oxides may act as the source of free charges to enhance the interfacial 
polarization [12]. In particular, aluminum oxide encapsulated BT particles were utilized as 
filler in polypropylene and the resulting nanocomposites exhibited low loss but a low 
dielectric constant of just 6.2 [10]. 
 The nanocomposite structure with the core-shell fillers does provide multiple dimensions 
to tailor the dielectric behaviors and the opportunity to achieve improved dielectric 
polarization and energy density. However, the interlayers and the multiple material interfaces 
have not been dedicatedly designed to achieve competitive dielectric performance properties 
for energy storage. In this chapter, nanocomposites comprising core-shell nanofiller 
(BT@TiO2) and nonlinear dielectric P(VDF-HFP) polymer matrix were prepared and 
investigated systematically.   
 
4.2 Experimental procedure  
4.2.1 Preparation of core-shell particles 
BaTiO3 nanoparticles with the average diameter of about 60 nm were purchased from 
Sigma-Aldrich. Figure 4.1 shows the TEM image of the BT nanoparticles. The BT 




Figure 4.1. TEM image of BT nanoparticles. 
As the nanoparticles had high surface energy and absorbed moisture, the BT particles were 
first dried in a high vacuum oven at 80°C for 12 hours to remove surface-bound water. After 
drying, 12 grams of nanoparticles were mixed with isopropanol (400 mL). The mixture was 
then subjected to sonication and stirring for 24 hours. For the synthesis of core-shell 
BT@TiO2, 250 mL titanium diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol) 
was added to the above mixture in the nitrogen atmosphere. The solution was mixed for 36 
hours. After washing with N,N-dimethylformamide (DMF) 3 times, the BT@TiO2 
nanostructures were dried with freeze-drier. For improving the crystallinity of the TiO2, dried 
nanoparticles were annealed at 800°C for 5 hours and ground to fine powders. 
4.2.2 Preparation of precursor solutions and thin films 
BT@TiO2 core-shell nanoparticles were dispersed in DMF. P(VDF-HFP) was purchased 
from Sigma-Aldrich and dissolved in DMF at 55°C for 12 hours. Mixture of the core-shell 
particles was introduced in the polymer solution. The resultant nanocomposite solution with 
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alternative volume fraction of BT@TiO2 core-shell nanoparticles of 10 Vol%, 20 Vol%, 30 
Vol%, 40 Vol% and 50 Vol% were sonicated and stirred for 6 days. The thin films with a 
thickness of about 4-5 µm were deposited by casting the nanocomposite solutions on Au-
coated silicon substrates and dried at 80 
o
C for 12 hours and annealed at 140 
o
C for 24 hours. 
To enhance the wetting ability of substrate to the solutions for obtaining uniform films, the 
Au surface was treated with 3-mercaptopropionic acid (HSCH2CH2COOH) at room 
temperature before the film deposition.  After annealing, an uniaxial pressure was applied on 
the films at elevated temperature (140 
o
C). Dense and smooth nanocomposite films were 
achieved after the hot-pressing. A platinum layer of 200 nm in thickness was coated on top of 
the films as the top electrodes. 
 
4.2.3 Structural, morphology and electrical characterizations 
 The crystalline phases and morphology of powders were examined using Bruker AXS D8 
advanced powder X-ray diffractometer (XRD) (Cu-Kα radiation) and JEOL JSM-2100F 
transmission electron microscope (TEM). The morphology of the composite was examined 
using field emission scanning electron microscopy (FESEM, JSM-6700F, JEOL). 
Polarization–electric field (P–E) hysteresis loops were studied with a standard ferroelectric 
testing unit (Precision Premier II, Radiant Technologies), which was connected with a high 





4.3 Results and discussion  
4.3.1 Morphology of the core-shell nanoparticles  
Morphology of the BT@TiO2 core-shell nanoparticles is shown in Figures 4.2(a) and 
4.2(b).  
 
Figure 4.2. Bright field TEM micrograph of BT@TiO2 core-shell nanoparticles; a) Agglomerated 




The bright field TEM micrographs revealed that a uniform TiO2 shell with a thickness of 
about 1.2-2 nm has completely encapsulated the BT nanoparticles with an average diameter 
of about 60 nm. Moreover, as can be observed from the high resolution TEM micrograph in 
the inset of Figure 4.2(b), the TiO2 shell is crystalline. It was deduced from selected area 
electron diffraction pattern (SAED) of the particles that the BaTiO3 and TiO2 exhibit cubic 
and orthorhombic (Brookite) structures, respectively (Figure 4.3).  
 
Figure 4.3. SAED pattern of BT@TiO2 core-shell nanoparticles. 
The XRD pattern of the core-shell nanoparticle powder, as presented in Figure 4.4, 
confirmed the crystalline structures as deduced from the SEAD patterns. It should be noted 
that as the result of the small thickness of the TiO2 shells, the intensity of the XRD peaks at 
(210), (111), (211), (102), (112), (122), (321), and (421) that related to TiO2 (Brookite) 




Figure 4.4. XRD pattern of BT@TiO2 powder 
4.3.2 Nanocomposite morphology  
The surface and cross-section of the nanocomposite films were examined by FESEM. The 
FESEM results revealed a very dense morphology with few air voids and agglomeration for 
all nanocomposite films, even for those with high volume fraction of core-shell nanoparticles 
(Figures 4.5 (a)-(f)).  











































































































Figure 4.5. FESEM images of the surfaces of P(VDF-HFP)/BT@TiO2 nanocomposite samples, (a)5 
Vol %,  (b) 30 Vol %, (c) 40 Vol %, (d) 50 Vol % BT@TiO2 core-shell nanoparticle; and cross-





4.3.3 Dielectric constant and loss 
4.3.3.1 Experimental measurement results of dielectric constant and loss 
Figure 4.6 presents the dielectric constant of the nanocomposites of P(VDF-
HFP)/BT@TiO2 as a function of frequency ranging from 100 Hz to 1 MHz. The dielectric 
constant values increased with increasing the amount of the core-shell nanoparticles.  
 
Figure 4.6. Dielectric constant of P(VDF-HFP)/BT@TiO2 nanocomposites as a function of frequency. 
The dielectric constants measured at 1 kHz for the P(VDF-HFP)/BT@TiO2 nanocomposites 
are compared with the P(VDF-HFP)/BT samples without the TiO2 shell  in Figure 4.7. Error 
bars are mainly attributed to the variation in the sample thickness. As shown in Figure 4.7, 
the dielectric constants of the core-shell nanocomposite samples are significantly higher than 
the dielectric constant of nanocomposite of P(VDF-HFP) with pure BT at similar filler 
volume fraction. The dielectric constant for the P(VDF-HFP)/BT@TiO2 nanocomposite with 
50% by volume core-shell filler reaches 110 at 1 kHz, in contrast to 37 for the P(VDF-











































Figure 4.7. Dielectric constant of P(VDF-HFP)/BT@TiO2 and P(VDF-HFP)/BT nanocomposites 
measured at 1 kHz at room temperature. 
The dielectric constant values for the core-shell nanocomposites are also outstandingly higher 
than the dielectric constant of all the reported BT nanocomposits, including surface-modified 
BT (phosphonic acid surface modified BT) with P(VDF-HFP) (εr < 35) [8], surface-coated 
BT (titanate-coated BT with PVDF (εr < 30) [13], block copolymer-shielded BT (εr < 45)
 
with polystyrene [14], and aluminum oxide-encapsulated BT with polypropylene (εr < 7) 
[10].
 
The dielectric loss of the P(VDF-HFP)/BT@TiO2 nanocomposite is typically below 
4.0% at 1 kHz, as shown in Figure 4.8.  





























Figure 4.8. Dielectric loss of P(VDF-HFP)/BT@TiO2 nanocomposites as a function of frequency, at 
room temperature. 
The results of the dielectric constant measurements showed that coating the BT 
nanoparticles with TiO2 has a dramatic effect on the dielectric constant of the nanocomposite. 
It should be noted that the dielectric constant of Brookite TiO2 (~64-78) [15] is more than ten 
times lower than the dielectric constant of the BT nanoparticles (~800-1200, depending on 
the size of the particles), and the dielectric constant of the core-shell nanocomposite is 
expected to be lower than the dielectric constant of nanocomposite with pure BT at the same 
filler volume fraction. In contrary to the expectation, the dielectric constant of the core-shell 
nanocomposite was even several times higher than the dielectric constant of the 
nanocomposite with pure BT. This phenomenon cannot be explained by only considering the 
dielectric model for describing the mixture of three multiple dielectrics. A plausible 
explanation for this high dielectric constant is the accumulation of charges at the interfaces 





































Maxwell-Wagner-Sillars (MWS) polarization (or often called Maxwell-Wagner polarization). 
The MWS polarization occurs when current passes through materials with electrical 
inhomogeneity and charges accumulate at the interfaces between two different dielectric 
media. Increases in the dielectric loss and dielectric constant of the nanocomposites with 
higher amount of nanoparticles and at lower frequencies but not higher frequency are 
consistent with the attribution to the interfacial polarization.  The more significant increase in 
the dielectric loss for the composite with more P(VDF-HFP) polymer at higher frequencies (> 
20 kHz), as shown in Figure 4.8, may be well related to the increased amount of polymeric 
amorphous phase. 
4.3.3.2 Space charges and interfacial polarization  
Figure 4.9 schematically illustrates the accumulation of interfacial charges at the interfaces 
of BT/TiO2 and TiO2 /P(VDF-HFP). It is well known that high density oxygen vacancies 
existed in TiO2, which usually exhibits n-type semiconductor characteristics [16]. As a result 
of the difference between Fermi level of the TiO2 and BT (usually > 0.5 eV), positively space 
charges would exist in TiO2, and negative space charges would accumulate at BT surface 
[17-19]. Due to the polar interaction between the electronegative fluorine in the CF3 group of 
P(VDF-HFP) with the positive space charges in TiO2, a negatively charged layer in P(VDF-
HFP) at its interface with TiO2 should form, as illustrated in the enlarged view in Figure 3. 
These interfacial charges would produce Gouy-Chapman-Stern layer at the surface of the 
nanoparticles [7]. Gouy-Chapman-Stern layer is highly conductive and charges can easily 
move through it.  If such layers of nanoparticles are overlapped, free charge movement may 




Figure 4.9. Schematic illustration for the microstructure of the BT@TiO2 core-shell nanoparticles in 
the P(VDF-HFP) polymer matrix. Enlarged view of the area marked by the red square (right), 
showing space charge in BT, TiO2 and P(VDF-HFP). 
However, the strong bonding between TiO2 shells and the polymer matrix seemed to have led 
to uniform dispersion of the core-shell nanoparticles and prevented formation of current 
channel when the volume of the filler was no more than 50%. 
4.3.3.3 Theoretical analyses of the effective dielectric constant  
To further clarify the effect of the TiO2 shell on the effective dielectric constant of the 
nanocomposite, further theoretical analyses are desired. Many theoretical models have been 
developed to predict the dielectric constant for polymer composites. Lichtenker-Rother 
logarithmic law and Maxwell-Wagner model have widely been used for the calculation of 
dielectric constant of polymer composites.  Effective dielectric constant of the composite (εc) 
according to Lichtenker-Rother logarithmic rule is defined by 
  log log logc F F M Mv v                          (4.1) 
where εM, εF are dielectric constant of matrix and filler and vf  and vM are the filler and matrix 
volume fractions respectively. According to Maxwell-Wagner mixing rule, effective 
dielectric constant of the nanocomposites is described by  
 83 
 
2 2 ( )
2 2 ( )
M F f M F
c M
M F f M F
v
v
   
 




                                (4.2) 
However, as shown in Figure 4.10, the calculations from Maxwell-Wagner model and 
Logarithmic rule could not fit with the experimental data. 
 
Figure 4.10. Comparison between the calculated dielectric constant according to Maxwell-Wagner 
and Logarithmic rules with experimental data on P(VDF-HFP)/BT@TiO2 nanocomposite. 
The reason is believed to be that these models are based on different mixing rules for 
dielectrics that do not consider the effect of interphase between filler and matrix. Thus, their 
predicted dielectric constant is always lower than our experimental data. 
Vo and Shi developed another empirical model to predict the dielectric properties of 
nanocomposites [20]. According to their model, effective dielectric constant of the polymer 
composite depends on the dielectric constant ratio between filler and polymer matrix and also 
the degree of interaction between filler and matrix. They introduced interface volume 
constant ( ), which accounted for filler/matrix interaction strength.   is equal to zero when 






























the interaction between matrix and filler is negligible. This model has been used to evaluate 
the interphase interaction and dielectric behavior of the interphase region in nanocomposites 
[21,22]. In Vo-Shi model, the effective dielectric constant of the composite, expressed by 
equation (4.3):   
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     ,     , and    represent the dielectric constants of composite, matrix, interphase, and 
filler, respectively.   is the radius of the filler,       is the thickness of the interphase 
region, and   is the radius of the equivalent composite (sphere with radius c and dielectric 




Figure 4.11 Schematic illustration for a nanoparticle with interface in a matrix  
The interphase volume fraction between the filler and the matrix is
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where , ,  int F M   are volume fractions of interphase, fillers, and polymer, respectively, and   
is the interphase volume constant. As shown in Figure 4.12(a), our experimentally measured 
dielectric constant data for the P(VDF-HFP)/BT@TiO2 nanocomposite at different filler 
volume fractions fit well to Vo-Shi equation, where        and           (Regressional 
curve fitting was used). Figure 4.12(b) shows that the best fit provided for the P(VDF-
HFP)/BT nanocomposite where       and         . The fitting results indicate that the 
core-shell nanocomposite not only exhibits higher interphase interaction factor ( ) but also it 
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possess larger effective interphase dielectric constant in comparison to nanocomposite of 
P(VDF-HFP)/BT without TiO2 interlayer.  
 
 
Figure 4.11. Comparison of the Vo-Shi model prediction with experimental data on (a) P(VDF-
HFP)/BT@TiO2 nanocomposite and (b) P(VDF-HFP)/BT nanocomposite. 
The high interphase interaction factor (   suggests strong interaction between the polymer 
matrix and the surface of the core-shell nanoparticles, which may be related to the strong 











































































electrostatic interaction as illustrated in Figure 4.9. Large amount of the dangling bonds at the 
surface of the ultrathin TiO2 interlayer with the thickness of only 1.2 to 2 nm may also 
facilitate the interfacial formation of strong interactions. Large      suggests the formation of 
interphase with high density space charges and high polarizability at the interfaces. 
 
4.3.4 Dielectric breakdown strength of the nanocomposite 
Electric breakdown strength of the nanocomposites was determined using Weibull 
analysis after testing 20 samples for each composition (Figure 4.13).  
 
Figure 4.12. Weibull distribution of breakdown field for P(VDF-HFP)/BT@TiO2 nanocomposites. 
Interestingly it was found that the core-shell nanocomposites had larger breakdown 
strength compare to the P(VDF-HFP)/BT nanocomposites (Figure 4.14). For both kinds of 
composites, the breakdown field dropped continuously with increasing the volume ratio of 
the nanoparticles, as the chance for the charged interfaces to overlap was increased when the 
particle concentration was higher. 



























Figure 4.13. Comparing the DC dielectric breakdown strength of P(VDF-HFP)/BT@TiO2 with 
P(VDF-HFP)/BT nanocomposites. 
Introduction of the TiO2 interlayer with intermediate dielectric dielectric constant 
between BT and P(VDF-HFP) should reduce the local electric field, and thus improve the 
breakdown field for the core-shell nanocomposites. The stronger interaction related to 
bonding between TiO2 shell and polymer matrix as schematically illustrated in Figure 4.9 can 
effectively promote uniform dispersion of the nanoparticles, which may also contribute to the 
improved electrical strength.  
4.3.5 Storage energy density 
The combination of the improved dielectric polarization and improved breakdown strength 
rendered high energy densities of the P(VDF-HFP)/BT@TiO2 core-shell nanocomposites. 
The maximum and remnant polarization increased with higher volume fractions of fillers. 
However, high remnant polarization decreased the total discharged energy. The maximum 
releasable energy density was achieved with the nanocomposite sample with 30 Vol % core-
shell filler. The discharged energy density of the film samples measured under unipolar 
condition reached 12.2 J/cm
3
 at 340 MV/m (Figure 4.15).  




































Figure 4.14. Displacement hysteresis loop at the field of 340 MV/m for a P(VDF-HFP)/BT@TiO2 




The energy density of the pure P(VDF-HFP) polymer is 4.1 J/cm
3
 under 340 MV/m. Thus,  
the energy density of the P(VDF-HFP)/BT@TiO2 core-shell nanocomposites is about 3 times 
of the energy density of pure P(VDF-HFP) at the same electrical field, and also substantially 
higher than the energy density of any other reported nanocomposites in the literature, 

































Homogeneous nanocomposites comprising P(VDF-HFP) polymer and core-shell of  
BTO@TiO2 particles were prepared via a wet chemical route, in which the crystalline, 
ultrathin TiO2 shell layer with a thickness less than 2 nm completely encapsulated the BT 
core nanoparticles. Significant effects of the ultrathin TiO2 shell on the resulting dielectric 
behaviors and energy density of the nanocomposite were observed. An unexpectedly large 
dielectric constant (>110) was obtained in the core-shell nanocomposite, which was more 
than 3 times higher than the dielectric constant of the nanocomposite of P(VDF-HFP) and 
pure BT nanoparticles without the TiO2 intermediate shell layer. The improvement in the 
electric polarization was attributed to the Maxwell-Wagner interfacial polarization as the 
result of space charge accumulation and formation of Gouy-Chapman-Stern Layers at the 
highly interactive interfaces among the multiple dielectric materials. The P(VDF-
HFP)/BT@TiO2 core-shell nanocomposites also exhibited improved breakdown field (>340 
MV/m), as the TiO2 interlayer can reduce the local electric field due to its intermediate 
dielectric constant, and also the stronger interaction related to bonding between the TiO2 shell 
and polymer matrix. A high dielectric energy density of 12.2 J/cm
3
 was achieved as the result 
of the improved high polarization and enhanced breakdown strength, which is substantially 
higher than the energy density of all the polymers at the same electrical field, and among the 
highest energy densities ever reported for polymer-ceramic nanocomposites. The theoretical 
analyses showed that the introduction of dedicatedly controlled multiple nanoscaled 
interfaces is an effective strategy to design composite materials with significantly improved 
polarization and energy storage.  The nanocomposites comprising polymer matrix and core-
shell nanoparticles with high discharged energy density at relatively low electrical field is 
suitable to process into multilayer thin films thus promising for energy storage capacitor 
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Chapter 5. P(VDF-HFP)-g-PDMA copolymer for electrical energy storage  
 
5.1 Introduction 
High energy density capacitors constitute a key component in various electrical power 
applications, for examples, electric guns, pulse lasers, power grids, power filters, hybrid 
electric vehicles, and particle accelerators. High quality capacitors made from linear polymer 
dielectrics, such as polypropylene, are often used for reliable high power operations. Arising 
from their low energy density, the sizes of these polymer capacitors are relatively large and 
their applications are limited by their volume and weight. To reduce the size of these 
capacitors, dielectric materials with high energy density and fast charging and discharging 
cycles are highly desirable. Among various polymeric materials, poly(vinylidene fluoride) 
(PVDF)-based polymers and copolymers with high dielectric constant and breakdown 
strength are suitable for applications in energy storage devices.
 
The optimized 
poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP))  has exhibited enhanced 
energy storage capabilities, with a high breakdown field strength of up to ~700 MV/m and 
high energy density of up to 25 J/cm
3
 [1]. Further improvements in dielectric constant, 
breakdown field and reduced dielectric loss, although very challenging, are still required. 
Blending of polymers is one of possible methods to modify the structure and property of the 
base polymers [2].
 
In Chapter 3, the study of P(VDF-HFP)/PVDF blends has shown that 
intermolecular interactions between polar groups in a polymer blend may contribute to 
improving the breakdown strength and maximum energy density.   
Modification of polymers by graft copolymerization is another potentially effective 
approach to tailor their structure and property [3,4]. Graft copolymerization of polymers is an 
effective method to produce new materials with unique properties. Through the introduction 
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of new functional groups to fluoropolymer surfaces, changes in many properties, such as 
surface energy, morphology, conductivity, dielectric properties, and discharge speed can be 
attained [5-7]. In an early work, PVDF was grafted with polystyrene (PS) via electron beam-
induced free radical graft copolymerization. The dielectric constant of graft copolymer 
reached ~90 due to increase in free charge carriers in amorphous phase and/or charge 
accumulation at amorphous/crystalline interface [8]. In another similar study, poly(2-
hydroxyethylmethacrylate)-graft-PVDF copolymers with a high dielectric constant of >47 
were synthesized via the free-radical graft copolymerization technique [9].
 
However, the 
dielectric strength has to be further improved for achieving competitive high energy density 
storage. For high energy density storage applications, graft copolymers containing highly 
polarizable groups in the nonlinear dielectric polymer side chains could potentially lead to 
large electrical polarization and dielectric constant. Furthermore, some relevant polar groups 
may also potentially improve the affinity of polymer for metal to improve the interfacial 
interaction of the polymer film with the metal electrode, which will have a direct effect on 
improving the electrical breakdown strength. However, increasing the amount of the polar 
groups and bulky graft segments may increase the leakage current and decrease the 
crystallinity of the graft copolymer. Therefore, producing a graft copolymer containing an 
appropriate amount of selected polar groups to achieve a balance in high polarization, low 





5.1 Experimental procedure 
5.2.1 Material selection 
Poly(dopamine methacrylamide) (PDMA) contains catechol (dual polar hydroxyl groups) 
moieties in its structure, and is thus a potentially suitable polymer to be used as graft 
segments to tailor the PVDF-based dielectric polymers for energy storage applications. 
Among the PVDF-based polymers, P(VDF-HFP) has high intrinsic breakdown strength [1]. 
Accordingly, it is selected as the base polymer in this work. Efforts have been devoted to 
introduce polymer side chains onto fluoropolymers via plasma, ozone and electron beam 
treatment, living/controlled radical polymerization, and ultraviolet irradiation [10,11]. Among 
them, ozone pretreatment of fluoropolymers to introduce the peroxides, followed by 
thermally-initiated radical graft copolymerization, is one of the most economical and 
environment-friendly methods [11]. In this chapter for the first time, P(VDF-HFP) with 
grafted poly(dopamine methacrylamide) (PDMA) side chains has been prepared via 
thermally-initiated radical graft polymerization of dopamine methacrylamide (DMA) from 
ozone-pretreated P(VDF-HFP)..  
P(VDF-HFP) pellets were obtained from Sigma Aldrich Chem. Co. and were used as 
received. The solvents, N-methyl-2-pyrrolidone (NMP) and ethanol were obtained from 
Merck Chem. Co. and were used as received. Dopamine methacrylamide (DMA) and DMA 
polymer (PDMA) were prepared in chemistry lab at NUS.  
5.2.2 Thermally-induced graft copolymerization of DMA from the Ozone-Pretreated 
P(VDF-HFP) 
The preparation of P(VDF-HFP)-g-PDMA copolymer was carried out using the similar 
approach as that reported earlier for the graft copolymerization of vinyl monomers from the 
ozone-pretreated poly(vinylidene fluoride) (PVDF) [11,12]. The P(VDF-HFP) powders were 
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dissolved in NMP to form a 7 wt% solution. A continuous stream of O3/O2 mixture at 300 
L/h (generated from an Azcozon RMU16-40EM ozone generator) was bubbled through 30 
mL of the polymer solution at room temperature for about 15 min. After the ozone 
preactivation, the solution was cooled in an ice bath and degased with argon for about 60 min 
to remove the dissolved ozone and oxygen.  DMA monomer (1.5 g, 6.8 mmol) and NMP (12 
mL) were introduced into the NMP solution of ozone preactivated P(VDF-HFP). After an 
additional 30 min of argon purging, the reaction mixture was sealed under an argon 
atmosphere and stirred at 60 °C in an oil bath for 6 h to complete the graft copolymerization. 
The reaction mixture was subsequently cooled in an ice bath and precipitated into ethanol 
(500 mL). The resulting P(VDF-HFP)-g-PDMA copolymer was removed by filtration and 
purified by redissolving in NMP and reprecipitating in ethanol. The re-dissolving/re-
precipitating process was repeated three times to completely remove the unreacted monomers 
and the oligomers. The P(VDF-HFP)-g-PDMA copolymer was obtained by drying under 
reduced pressure for 24 h. 
5.2.3 Preparation of graft copolymer thin films 
The casting solution was prepared by dissolving the P(VDF-HFP)-g-PDMA copolymer 
(10 wt%) in dimethylformamide (DMF). Thin copolymer film with a thickness of about 5.5 
µm was deposited by spin coating the copolymer solution on an Au-coated silicon substrate 
and subsequently dried at 80 
o
C. The dried film was subsequently annealed at 140 
o
C to 
further improve the crystallinity. In order to prevent the formation of micro cracks, an 
uniaxial pressure of 100 MPa was applied to the film at elevated temperature. After the hot-
pressing process, a patterned platinum array was deposited on the film by sputtering through 
a shadow mask to serve as the top electrodes in the Pt/copolymer/Au sandwich devices. 
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5.2.4 Material and device characterization 
The graft copolymer structure was confirmed by 
1
H nuclear magnetic resonance (
1
H 
NMR) spectroscopy. X-ray photoelectron spectroscopy (XPS) measurements were carried out 
on a Kratos AXIS Ultra HSA spectrometer equipped with a monochromatized Al Kα X-ray 
source (1468.6 eV photons). Thermogravimetric analysis (TGA) was carried out on a 
thermogravimetric analyzer (TA Instrument, Model 2050) at a heating rate of 10 
o
C/min in 
nitrogen. Differential scanning calorimetry (DSC) measurements were carried out on a 
Mettler Toledo DSC 822e in a nitrogen atmosphere from 100 to 200 °C, at a heating rate of 
10 °C min
−1
. The crystalline structure analyses were performed at room temperature using an 
x-ray diffraction system (D8-ADVANCE, Bruker AXS GmbH, Karlsruhe, Germany). 
Dielectric constant of the polymer film was measured with an impedance analyzer (Agilent 
4294 A). Polarization–electric field hysteresis loops were studied with a standard ferroelectric 
testing unit (Precision Premier II, Radiant Technologies, USA), which was connected to a 
high voltage source. 
 
5.3 Results and discussion 
5.3.1 Chemical structure of graft copolymer 
The chemical structures of the P(VDF-HFP) and P(VDF-HFP)-g-PDMA copolymers were 
verified by 
1
H NMR spectroscopy (Figure 5.1). The chemical shifts at δ = 2.52 ppm and in 
the range of δ = 3.12-3.35 ppm are attributable to the respective head-to-head or tail-to-tail 
(hh/tt) stereoregularities and the head-to-tail (ht) bonding arrangements of the PVDF 
segments in the P(VDF-HFP) copolymer. The chemical shifts at δ = 1.05-2.16 ppm are 
attributable to the methyl and methylene protons in PDMA, while the chemical shifts at δ = 
6.56-6.98 ppm are associated with aromatic protons in the pendent catechol groups of 
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PDMA. These results indicate that the graft polymerization of DMA from P(VDF-HFP) 




H NMR spectra of the P(VDF-HFP)-g-PDMA and P(VDF-HFP) copolymers in DMF-d7. 
Figure 5.2 shows the respective X-ray photoelectron spectroscopy (XPS) wide-scan 
spectra of the P(VDF-HFP) and P(VDF-HFP)-g-PDMA copolymers. In the case of P(VDF-
HFP) copolymer, only C and F signals are observed in the wide-scan spectrum. For the 
P(VDF-HFP)-g-PDMA copolymer, the appearance of distinctive N 1s and O 1s signals in the 
XPS wide-scan spectrum of the P(VDF-HFP)-g-PDMA copolymer indicates that PDMA has 
been successfully grafted from the P(VDF-HFP) main chains. From the XPS C 1s and N 1s 
peak component area ratio of the P(VDF-HFP)-g-PDMA copolymer, the content of PDMA 




Figure 5.2. XPS wide-scan spectra of the P(VDF-HFP) and P(VDF-HFP)-g-PDMA copolymers. 
5.3.2 Crystallinity and thermal properties of graft copolymer 
Figure 5.3 shows DSC thermograms of PDMA, P(VDF-HFP) and P(VDF-HFP)-g-
PDMA. The melting temperatures (Tm) of PDMA, P(VDF-HFP) and P(VDF-HFP)-g-PDMA 
copolymer occur at about 112 °C, 159 °C and 160 °C, respectively. After graft 
polymerization of DMA, the P(VDF-HFP)-g-PDMA copolymer did not exhibit a noticeable 
melting point depression. Thermal analysis, using DSC, was performed not only to observe 
the change in Tm, but also to determine the degree of crystallinity. The relative degree of 









            (5.1) 
where     is the enthalpy of fusion for the polymer and     is 104.7 J g
-1
, which is the 




Figure 5.3. DSC curves of the PDMA, P(VDF-HFP) and P(VDF-HFP)-g-PDMA copolymer. 
The relative degrees of crystallinity for the P(VDF-HFP) and P(VDF-HFP)-g-PDMA 
copolymer are found to be 29.7% and 27.3%, respectively. The DSC results indicate that the 
P(VDF-HFP)-g-PDMA copolymer was slightly more amorphous than P(VDF-HFP), as the 
structural symmetry of P(VDF-HFP) was partially perturbed by the introduction of PDMA 
side chains. 
The theromogravimetric analysis (TGA) curves of P(VDF-HFP) and P(VDF-HFP)-g-
PDMA copolymers are shown in Figure 5.4. The weight loss of P(VDF-HFP) commences at 
about 423°C, which can be attributed to the decomposition of P(VDF-HFP) units by random 
scission. For the P(VDF-HFP)-g-PDMA copolymer, the onset decomposing temperature is at 
about 355 °C. The lower thermal stability of P(VDF-HFP)-g-PDMA copolymer is due to 
degradation and random scission of the PDMA side chains. 

























Figure 5.4.TGA curves of P(VDF-HFP) and P(VDF-HFP)-g-PDMA copolymer 
XRD patterns of the P(VDF-HFP)-g-PDMA films show that  the α-phase with peaks at 2θ 
= 17.8°, 2θ = 19.9°, 2θ = 26.5° attributed to α(020), α(110) and α(021) is dominant (Figure 
5.5). The α-phase may be very promising for energy storage applications because more 
charges can be released during the discharging process, as it is non-ferroelectric. 
 


































Figure 5.5. XRD patterns for P(VDF-HFP)-g-PDMA copolymer film. 
 
5.3.3 Dielectric properties of graft copolymer film  
Figure 5.6 presents the dielectric constant and loss of the P(VDF-HFP)-g-PDMA and 
P(VDF-HFP) films as a function of frequency. Low-field dielectric constant of the graft 
copolymer is about 18 at 1 kHz. Therefore, grafting of PDMA has significantly improved the 
dielectric constant of P(VDF-HFP) (less than 11.5). 
The highly polarizable O-H groups in the grafted side chains have enhanced the total 
polarization and dielectric constant of the graft copolymer. The dielectric loss of the graft 
copolymer was less than 0.07 at 1kHz, which was higher than P(VDF-HFP). The higher 
dielectric loss in the graft copolymer is probably related to the higher percentage of 
amorphous phase and orientational polarization of the hydroxyl groups. 







































Figure 5.6. Frequency dependence of the dielectric constant and dielectric loss of the P(VDF-HFP)-g-
PDMA and P(VDF-HFP) films at room temperature. 
5.3.3.1 Atomic simulation and analysis on the effect of O-H groups on polarization 
An atomic simulation was performed to analyze the effect of O-H groups on the dielectric 
constant of the graft copolymer. It is known that P(VDF-HFP) used in this study has a 
random distribution of VDF and HFP group in its linear structure. In this regard, a polymer 
chain with degree of polymerization (DP) of 1700 is generated with random distribution of 
these two groups of monomers using "Materials Studio 5.5" (a complete modeling and 
simulation environment design allowing user to understand the relationships of a material’s 
atomic and molecular structure with its properties). The resulting chain model was then 
covalently bonded to eight groups of PDMA side chains, each containing 6 DMA units 
(Figure 5.7). The grafting process will finally result in the addition of 96 hydroxyl groups to 
each chain. The grafted chain is introduced into a periodic simulation box subsequently in the 
random–walk method with energy minimized in each step, resulting in an amorphous 






Figure 5.7. Atomic structure of a randomly generated P(VDF-HFP) copolymer chain, grafted with 
several PDMA groups. 





 is obtained. The dipole moment of each O-H group is 1.53 D 
[14,15]. To measure the contribution of the polarization of hydroxyl group to total 









                (5.2) 
where P0 is the dipole moment of the hydroxyl group (1.53 D), k is the Boltzmann constant 
(1.38×10
-23
), T is room temperature (300 K) and E is the electric field. At E=700 MV/m, the 
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calculated average dipole moment is (Pav=1.47×10
-30 
C·m). The total orientational 
polarization of O-H groups in the graft copolymer is given by 
avP NP                 (5.3)    
where N is the total number of dipole moments. It can be deduced from Equation (5.3) that at 
the electrical field of 700 MV/m, electrical displacement of the graft copolymer will improve 
by 12 mC/m
2
 as a result of polarization of OH groups in the graft copolymer. The calculated 
value is roughly consistent with the measured polarization difference of P(VDF-HFP) and 
P(VDF-HFP)-g-PDMA at 700 MV/m (~18 mC/m
2
) (Figure 5.8).  
 
Figure 5.8. Unipolar hysteresis loops of the P(VDF-HFP) and P(VDF-HFP)-g-PDMA copolymers at 
700 MV/m. 
The deviation from measured data is probably due to other factors, such as local field higher 
than the applied field, polarization at the interface of crystalline and amorphous phases. 
 































5.3.4 Graft copolymer breakdown strengh 
The dielectric breakdown values were obtained from Weibull analysis (Figure 5.9). The 
breakdown field of the graft copolymer was 859 MV/m. The breakdown strength of the graft 
copolymer is higher than that of annealed P(VDF-HFP) (~700 MV/m).  
 
Figure 5.9. Weibull distribution of the breakdown field of P(VDF-HFP)-g-PDMA films. 
5.3.4.1 Enhanced adhesion between the graft copolymer and electrode 
It was noted that grafting of P(VDF-HFP) with PDMA significantly enhanced the  
adhesion of the polymer to the electrodes. The enhanced adhesion to the electrodes can 
decrease the defects and voids at the electrode/polymer interface, and can thus improve the 
quality and breakdown strength the polymer films.  
Sessile drop technique was used to characterize the affinity of hydroxyl groups of the graft 
copolymer to the gold-coated substrate. Solution droplets of P(VDF-HFP) and P(VDF-HFP)-
g-PDMA of equal volume was introduced onto a gold-coated Si substrate and the contact 





















contact angle, it is apparent that the P(VDF-HFP)-g-PDMA copolymer exhibits a stronger 
adhesion to the substrate. 
 
Figure 5.10. Contact angles of the DMF solutions of (a) P(VDF-HFP)-g-PDMA and (b) P(VDF-HFP) 
with Au-coated Si substrate. 
5.3.4.2 Atomic simulation for the effect of O-H groups on breakdown strength 
To understand the binding mechanism between P(VDF-HFP)-g-PDMA and the gold-
coated substrate, another atomic simulation was performed. The catechol groups of PDMA 
are probably responsible for the improvement in binding strength. Catechol (1,2-
dihydroxybanzene) has been utilized as a strong adhesive, arising from the hydroxyl groups 
and the free electrons from the aromatic rings [16]. There are different possible interaction 
mechanisms of catechol with surfaces [17]. For the gold-coated substrate in our study, the 
main adhesion force arises from catechol-metal coordination interaction and hydrogen 
bonding [18]. To visualize the conformation of PDMA adjacent to the gold-coated substrate, 
the energy minimized structure of PDMA is located on a fixed gold substrate. The energy of 
the entire structure of PDMA and gold substrate is then minimized. For this energy 
minimization, a small portion of the P(VDF-HFP) chain is brought into simulation to isolate 
the behavior of PDMA from the interaction between P(VDF-HFP) chain and the substrate. It 
has been observed that five of catechol groups in PDMA are absorbed on the gold-coated 
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substrate to form the anchor points (Figure 5.11). These catechol-based anchor points can 
account for the stronger adhesion of the copolymer to gold-coated substrate. 
 
Figure 5.11. Atomic configuration of PDMA graft (a) Isolated PDMA. (b) Adsorbed PDMA on a 
gold-coated substrate. 
5.3.5 Discharged energy density 
The energy density of the P(VDF-HFP)-g-PDMA was determined from the unipolar D-E 
hysteresis loops, at breakdown field. Hysteresis loops of the polymer film at high electric 
fields are shown in Figure 5.12. The measured data show that the discharged energy density 
of the P(VDF-HFP)-g-PDMA is 33 J/cm
3
 for an electric field of about 859 MV/m. 
The energy loss of the P(VDF-HFP)-g-PDMA film is 37%, which was calculated based on 




Figure 5.12. Unipolar hysteresis loops of annealed P(VDF-HFP)-g-PDMA film at different electrical 
fields and breakdown field, with the shaded area corresponding to the discharged energy density. 
Therefore, the overall performance properties make P(VDF-HFP)-g-PDMA copolymer 
promising for energy storage applications in which the loss is not a significant factor, 
particularly under DC or pulsed mode.  































In summary, P(VDF-HFP)-g-PDMA copolymer was synthesized by thermally-initiated 
radical graft polymerization. Grafting of 5.9 wt% of the PDMA side chains to P(VDF-HFP) 
did not alter the crystallinity of copolymer significantly. The P(VDF-HFP)-g-PDMA 
copolymer exhibited a dielectric constant of about ~18, which was 1.6 times higher than that 
of P(VDF-HFP). Theoretical and experimental analyses showed that the improvement in 
electric polarization could be attributed to the introduction of highly polarizable hydroxyl 
groups in the PDMA side chains. In addition, the breakdown strength of the graft copolymer 
(~859 MV/m) was substantially higher than that of annealed P(VDF-HFP) (~700 MV/m). 
The increased breakdown strength arose from improved adhesion bonding of the catechol-
containing graft copolymer to the metal electrode. As a result of the enhanced dielectric 
constant and breakdown strength, a large energy storage density of 33 J/cm
3
 has been 
achieved, which may be the highest value reported in organic materials. This work has 
demonstrated that grafting of an appropriate amount of polymer side chains with selected 
polar groups to enhance polarization and breakdown strength, as well as dielectric/electrode 
interaction, is an effective strategy in improving polymer dielectrics for high energy density 
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Chapter 6. Nanocomposite multilayer capacitor 
6.1 Introduction 
High power capacitors with large energy density are highly desired for many power 
applications, such as hybrid electric vehicles (HEVs), pulse-mode medical devices, electric 
guns, pulsed laser systems, particle accelerators, power systems and especially power grids. 
Market for high voltage power capacitors is growing fast as a result of the new investments in 
power systems and modern devices.  
As an instance, the new investments in power systems are increasing with the increasing 
power demand and developments of power stations that produce electricity from renewal 
energy resources (Figure 6.1). High performance stable power grids with reduced loss will be 
achieved in consequence of utilizing high voltage power capacitors. High voltage power 
capacitors are also needed to compensate power consumption of motors, transformers and 
etc. Furthermore, they are used as active and passive harmonic filtering system in power 
systems [1].  
 
Figure 6.1. Schematic illustration of a power grid and resources connected to the grid. 
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Commercially used high voltage polypropylene capacitors for power grids are very large 
and heavy due to low energy density of dielectric materials. In this regard, increasing the 
volumetric efficiency of the capacitors is an essential requirement of capacitors used in high 
power applications. 
To miniaturize the power capacitors and filters, not only the materials with high dielectric 
constant and breakdown strength are required, but also the design and development of high 
efficiency structures are essential [2]. Studies have shown that multi-layer electrode 
geometries are efficient structures to be utilized for high energy density capacitors [3,4]. A 
multilayer capacitor consists of multiple layers of dielectric materials, which are separated 
from each other with metal layers acting as electrodes.  Multilayer ceramic capacitors have 
high capacitance per unit size. However, they have low breakdown voltage and fabrication of 
a multilayer ceramic capacitor with high capacitance and high voltage at same time is very 
complicated [5-7]. Inorganic-polymer nanocomposite materials offer the possibility of 
combining the properties such as flexibility, high working voltage and large capacitance. The 
following part describes the fabrication of a new family of nanocomposite multi-layer 
capacitors with high energy density and large volumetric efficiency. 
 
6.2 Experimental procedure 
6.2.1 Material selection 
To fabricate high energy density multilayer capacitor, nanocomposite of P(VDF-
HFP)/BT@TiO2  (80/20) was used as the dielectric material. As described in Chapter 4, the 
dielectric constant of the nanocomposite of P(VDF-HFP)/BT@TiO2  (80/20) was measured to 
be ~26 and the dielectric loss was less than 0.05 at 1 kHz (Figure 6.2).  The dielectric 
breakdown strength of the nanocomposite was higher than 300 MV/m. High dielectric 
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constant, large breakdown strength, low dielectric loss, and  flexibility, make this composite 
attractive for multilayer capacitors applications. The electrical performance of the 
nanocomposite multilayer capacitors is significantly dependent on the quality of electrodes 
[8]. 
 
Figure 6.2. Dielectric constant and loss of the nanocomposite of P(VDF-HFP)/BT@TiO2 (80/20). 
Considerable efforts have been focused on developing thin electrodes with high adhesion to 
the dielectric materials and smooth surfaces [9]. Furthermore, the material for the electrode is 
required to have high conductivity and be chemically inert at annealing temperature. In 
Chapter 4, platinum have been used as electrode for material property study.  Considering the 
cost of platinum, low cost metals with high electrical conductivity such as aluminum are 
more appropriate for fabrication of large area multilayer capacitors aiming at practical 
applications.    
6.2.2 Fabrication of multilayer capacitor  
The nanocomposite solution with 10 wt% precursor of BT@TiO2/P(VDF-HFP) 















































thickness of about 15 µm were deposited by spin-coating the nanocomposite solution on Al 
substrate, dried at 80 
o
C for 12 hours and annealed at 140 
o
C for 24 hours. The spin-coating 
method which was utilized for deposition is of low cost comparing to the other chemical and 
physical deposition methods [10-13]. After annealing, an uniaxial pressure of 300 MPa was 
applied on the films at elevated temperature (165 °C). Dense nanocomposite films with 
smooth surfaces were obtained after the hot-pressing process. An aluminum layer of 200 nm 
in thickness was coated on top of the films by sputtering patterned with a shadow mask as the 
first electrode. The next composite layer was deposited by spin coating and the process was 
repeated to deposit the subsequent alternate nanocomposite and electrode layers on the first 
layers.  
Figure 6.3 schematically shows the details of the multilayer structure with 9 layers, as 
obtained in this work. 
 




The final thickness of the fabricated device with 9 layers of nanocomposite was about 137 
µm and the surface area of the electrodes was 11.2 cm
2 
(4 cm × 2.8 cm). Figure 6.4 shows a 
photo of the fabricated multilayer capacitor.  
 
Figure 6.4. Photo of the multilayer capacitor as obtained. 
6.2.3 Characterization of the multilayer capacitor 
The morphology of the films was examined using field emission scanning electron 
microscopy (JSM-6700F, JEOL, Japan). Capacitances of the samples were measured with an 
impedance analyzer (Agilent 4294 A, 40 Hz-110 MHz). Polarization–electric field hysteresis 
loops were tested at 10 Hz with a standard ferroelectric testing unit (Precision Premier II, 
Radiant Technologies, USA), using a high voltage source. A high voltage amplifier system 
(Trek Model 610D) was employed to test the electrical breakdown strength. 
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6.3 Results and discussion 
6.3.1 Morphology of the multilayer capacitor 
The surface morphology of the nanocomposite of the multilayer capacitor was investigated 
by FESM after hot pressing treatment. As shown in Figure 6.5, the BT@TiO2 nanoparticles 
have been dispersed well inside the polymer matrix with low agglomeration at the surface of 
the multilayer capacitor. Furthermore, as a result of the hot pressing treatment, no micro 
cracks have been observed at the surface of the composites in the capacitor.  
 
Figure 6.5. FESEM image of the surface of the composite in multilayer capacitor. 
The morphology of the multilayer cross section of the capacitor was characterized by 
FESEM. Figure 6.6 depicts the FESEM images of the multilayer cross section. 
As shown in Figure 6.6, the nanocomposite structure was very dense, without large defects or 
voids. Moreover, the thickness of the nanocomposite layers between the aluminum electrodes 




Figure 6.6. FESEM cross-section image of the multilayer capacitor. 
6.3.2 Capacitance and dielectric loss of multilayer capacitor 
The capacitance and dielectric loss of the capacitor were measured after sputtering the 
electrodes for each layer. The measurement results show that the capacitance of the capacitor 
with one layer was about 17.8 nF (Figure 6.7). This capacitance value is consistent with the 





                       (6.1) 





), A is the area of the electrode and d is the thickness of the dielectric layer. 
As shown in Figure 6.7, the capacitance of multilayer capacitor with 9 layers was 175 nF, 
which is roughly 9 times of the capacitance of 1 layer capacitor. The total capacitance of 




1 2 3 qC C C C C                           (6.2) 
 
Figure 6.7. Frequency dependence of capacitance of the multilayer capacitors with 1 and 9 layers 
Dielectric losses of the multilayer capacitors were measured at room temperature as shown 
in Figure 6.8. Dielectric loss of the multilayer with 9 layers was higher than the dielectric loss 
of the capacitor with one layer, but it was lower than the dielectric loss of the linear 
polymeric multilayers (polypropylene multilayer: tan δ > 0.2) [14]. Higher dielectric loss in 9 
layers capacitor may be related to the space charge accumulation at the interfaces of the 
electrodes and nanocomposite layers and voids inside the capacitor. Space charges and voids 



































Figure 6.8. Frequency dependence of dielectric loss of the multilayer capacitors with 1 and 9 layers. 
6.3.3 Nonlinear dielectric properties  
Figure 6.9 shows the uni-polar hysteresis loop of the capacitor with 9 layers.  
 
Figure 6.9. Unipolar hysteresis loop of the capacitor with 9 layers, with the shaded area corresponding 






































































The maximum displacement at 166 MV/m is 42 mC/m
2
. Stored energy density of the 
multilayer capacitor can be calculated from the hysteresis loop as discussed subsequently.  
6.3.4 Stored energy and energy density  
The breakdown voltage of the multilayer capacitor was measured after immersing 
capacitor in silicon oil. Measurements showed that the multilayer capacitor with 9 layers had 
breakdown voltage of about 2500 V. The multilayer capacitors with a larger number of layers 
had lower breakdown strength which could be attributed to the increasing occurrence of 
defects and voids. It should be noted that, the measured breakdown field of the multilayer 
capacitor was lower than the breakdown strength of the nanocomposite as mentioned in 
Chapter 4. This could be due to the large thickness of layers and existence of more defects in 
the multilayer structure 
The maximum stored energy in 9 layers capacitor can be estimated by: 
         2
1
2
U CV               (6.3) 
where C is the capacitance of the structure with 9 layers (~ 173 nF) and V is the breakdown 
voltage (~2500 V). 
The maximum stored energy of the multilayer capacitor which was calculated from 
Equation (6.3) is about (~0.54 J) and the energy density of the overall structure was 3.5 J/cm
3
 
(~0.37 Wh/kg for the 9 layer capacitor). This energy density was much higher than the 
energy density of the commercially available ceramic power capacitors with energy density 
in the range of 0.05-0.1 J/cm
3
 and is comparable with the energy density of the 
electrochemical supercapacitors (~0.04-30 Wh/kg) as mentioned in Chapter 1 and Figure 1.3 
[15,16]. The calculated energy density from the hysteresis loop at this electric field (~166 
MV/m) is 4.1 J/cm
3
 and it is slightly higher than the energy density of the structure calculated 
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from Equation 6.3. This deviation could be caused as a result of the volume of the electrodes 
which decreases the total measured energy density. Table 6.1 summaries the results of 
calculated stored energy density of the multilayer capacitor. 
Table 6.1.Calculated energy density of P(VDF-HFP)/BT@TiO2 nanocomposite multilayer 
capacitor 
Stored Energy Density  Calculated from overall device 
(Eq 6.3) 
Calculated from hysteresis loop 
J/cm
3 3.5 4.1 
Wh/kg 0.37 0.44 
 
Conclusions  
Multilayer capacitors were fabricated with spin coating of the nanocomposite precursor of 
BT@TiO2 core-shell in P(VDF-HFP) matrix (20 Vol%). The fabrication method utilized for 
nanocomposite multilayer is relatively simple and economically affordable comparing to the 
chemical and physical vapor deposition methods. This method can be conducted at lower 
temperature (<150 °C) and enables deposition on large area substrates. In addition, using 
aluminum as the electrode decreases the total cost of the nanocomposite multilayer structure. 
It was successfully demonstrated that multilayer of P(VDF-HFP)/BT@TiO2 had high 
breakdown voltage (~2500 V) or breakdown field (~166 MV/m), which enabled it for 
utilizing in high voltage applications. The calculated stored energy of the multilayer capacitor 
at breakdown voltage was 0.54 J. The energy density of the multilayer capacitor was 3.5 
J/cm
3 
(~0.37 Wh/kg), which was higher than the energy density of commercially used power 
capacitors (0.05-0.1 J/cm
3
). The achieved energy density is comparable with the energy 
density of the electrochemical supercapacitors.  Low cost, flexible structure, large breakdown 
voltage and high energy storage performance of the nanocomposite multilayer capacitors 
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Chapter 7. Conclusions and suggested future work  
7.1 Summary of results 
The primary objectives of this dissertation are to develop the understanding on the 
structure and dielectric properties of the PVDF-based non-linear dielectric polymers and to 
improve their energy density for energy storage capacitor applications. Since large 
polarization and high dielectric breakdown strength can lead to higher energy density in 
nonlinear dielectric materials, the focus of study is to investigate and improve the strategy 
and methods of producing PVDF-based nonlinear dielectric films with high dielectric 
constant, large breakdown strength and low cost. The main findings of the thesis can be 
summarized as below: 
i) Blending polymers is one of promising methods to improve the properties of polymers. 
For providing nonlinear dielectric polymer blends with improved dielectric properties for 
energy storage application, both by simulations and experiments were performed to 
understand the effect of blending on the structure and dielectric properties of PVDF-
based polymers. For the first time, short chain VDF oligomer was blended with long 
chain PVDF polymer. Dense and highly crystallized VDF oligomer-based films were 
prepared by solution approach on surface functionalized substrates followed by a hot-
pressing treatment. It was found that crystalline structure of the VDF oligomer-based 
films could be conveniently tuned to highly crystallized α-phase. This crystallinity 
improvement can be attributed to short molecular chains of VDF oligomer with high 
mobility and fast diffusion rate during crystallization. The VDF/PVDF blend films 
exhibited significantly enhanced mechanical strength and dielectric breakdown strength 
(up to 868 MV/m in contrast to 300~500 MV/m for typical PVDF-based polymer films). 
Thus, a maximum polarization of 162 mC/m² and a large electric energy density up to 
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27.3 J/cm³ were obtained. These properties were ascribed to the unique blend structure 
with significantly high crystallinity and a densely packed rigid amorphous phase 
incorporating both long and short chains of PVDF and VDF oligomer.  
 
ii) The electrical energy storage properties of P(VDF-HFP)/PVDF blend films have been 
examined, which were prepared via a chemical solution approach, followed by 
quenching, annealing and hot pressing. Higher melting temperature, higher crystallinity, 
larger elastic modulus, and improved breakdown strength (>850 MV/m) were observed 
in the optimized polymer blends, in comparison with either of the two constituent 
polymers, PVDF or P(VDF-HFP). As analysed with the atomic simulation, 
intermolecular electrostatic interactions between electronegative fluorine in the CF3 
groups of P(VDF-HFP) and electropositive hydrogen in PVDF could be responsible for 
the observed enhancements in crystallinity and elastic modulus. Moreover, the P(VDF-
HFP)/PVDF blend film also exhibited a larger dielectric constant, possibly contributed 
by interfacial polarization, structural reconfiguration and improved crystallinity. An 
extremely high energy density of 30.1 J/cm
3
 was achieved in P(VDF-HFP)/PVDF (50:50 
by weight) blend films.  
 
iii) Core-shell structured nanocomposites are considered to have a potential high energy 
density. Homogeneous nanocomposites comprising P(VDF-HFP) polymer and core-shell 
of  BT@TiO2 particles were prepared via a wet chemical route, in which the crystalline, 
ultrathin TiO2 with a thickness of about 1.2-2 nm shell layer completely encapsulated the 
BT core nanoparticles. An unexpectedly large dielectric constant (>110) was obtained in 
the core-shell nanocomposites, which was more than 3 times higher than the dielectric 
constant of the nanocomposite of P(VDF-HFP) and pure BaTiO3 nanoparticles without 
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the TiO2 intermediate shell layer. The improvement in the electric polarization was 
attributed to the Maxwell-Wagner interfacial polarization as the result of space charge 
accumulation and formation of Gouy-Chapman-Stern Layers at the highly interactive 
interfaces among the multiple dielectric materials. The P(VDF-HFP)/BT@TiO2 core-
shell nanocomposites also exhibited improved breakdown field (>340 MV/m), as the 
TiO2 interlayer can reduce the local electric field due to its intermediate dielectric 
constant, and also the stronger interaction related to bonding between TiO2 shell and 
polymer matrix can effectively promote uniform dispersion of the nanoparticles. The 
combination of the improved dielectric polarization and improved breakdown strength 
renders high energy densities of the P(VDF-HFP)/BT@TiO2 core-shell nanocomposites. 
The discharged energy density of the nanocomposite sample with 30 vol % core-shell 
filler measured under unipolar condition reached 12.2 J/cm
3
 at 340 MV/m. The energy 
density of the P(VDF-HFP)/BT@TiO2 core-shell nanocomposites was about 3 times of 
the energy density of pure P(VDF-HFP) at the same electrical field. The nanocomposites 
comprising the polymer matrix and core-shell nanoparticles with large polarization and 
high discharged energy density at relatively low electrical field is suitable to process into 
multilayer thin films and thus promising for energy storage capacitor applications with 
low working voltage. 
 
iv) Grafting polymers is another effective method for improving the energy storage 
properties of PVDF-based polymers. P(VDF-HFP) with grafted poly(dopamine 
methacrylamide) (PDMA) side chains was prepared via thermally-induced radical graft 
polymerization of dopamine methacrylamide (DMA) from ozone-pretreated P(VDF-
HFP). As a result of high polarizability of the added O-H moieties in side chains, the 
P(VDF-HFP)-g-PDMA copolymer exhibited a dielectric constant of about ~18, which 
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was 1.6 times higher than that of P(VDF-HFP). Furthermore, due to improved adhesion 
bonding of the catechol-containing graft copolymer to the metal electrode, the 
breakdown strength of the graft copolymer (~859 MV/m) was substantially higher than 
that of P(VDF-HFP). As a result of the enhanced breakdown strength and dielectric 
constant, a large energy density of 33 J/cm
3
 was achieved. This energy density value is 
probably the highest value in all organic materials. This work suggests that grafting of 
proper amount of polymers contain selected polar groups in PVDF-based polymers could 
be an effective strategy in the design of new polymers with significantly improved 
polarization and energy storage density. 
 
v) To develop low cost and high performance capacitors not only materials with high 
dielectric constant and breakdown strength are required but also the design and 
development of high efficiency structures is essential. In this work, multilayer capacitors 
were fabricated with a low cost fabricating spin-coating method. The nanocomposite 
developed in this work was used for demonstrating these multilayer capacitors. The 
multilayer structure had high breakdown voltage ~2500 V and energy density ~3.5 J/cm
3
, 
which makes it suitable for utilizing in high voltage power system application.  
The fundamental understandings, strategies and methods developed in this study for 
preparing and improving the performance properties of PVDF-based nonlinear dielectric 





7.2 Suggested future work 
This dissertation is focused on improving the storage energy density of the PVDF-based 
films.  Dielectric properties and energy storage behaviour of some PVDF-based hybrid 
nonlinear dielectric systems were explored systematically and promising results were 
obtained.  In Chapter 2, blend films with improved crystallinity, rigid amorphous phase, and 
less defects and voids were prepared, with blending short chain oligomer and long chain 
polymer. Future work should continue to explore the properties of other polymer blend 
systems contain short chain and long chain PVDF-based polymers with higher dielectric 
constant. Moreover, to eliminate the effect of solvents on the properties of polymer films, 
other method of polymer blending such as melting should be considered in future.  
In Chapter 3, it was found that appropriate intermolecular interactions between polar 
groups in the polymer blends may contribute to improving the breakdown strength and the 
maximum energy density. It will be interesting to apply and investigate this methodology in 
other polymer blend systems with highly polar groups. In order to stabilise the none-polar 
conformation and decreasing ferroelectric switching loss at high electrical field, irradiation 
induced crosslinking and biaxial stretching could be considered. Another possible avenue of 
future work is improving the dielectric properties of ferroelectric polymer blend films by 
biaxial stretching and irradiation crosslinking.  
In Chapter 4, the properties of a novel core-shell structured nanoparticle were explored 
with experimental and theoretical models.  It was found that interfacial polarization at the 
interface of multiple dielectric materials effectively increased the polarization and dielectric 
constant of the nanocomposite. In order to understand the details of interfacial polarization in 
different layers of core-shell structures, more theoretical studies are required. Effects of 
nanoparticles volume fraction on the properties of nanocomposite were explored here.  
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However this study did not systematically consider the effect of thickness of intermediate 
layer on the dielectric properties of the nanocomposite. To address this effect, further studies 
should be done in future. Additional structural modifications such as using other relaxor 
ferroelectric polymers with higher dielectric constant as matrix, coating nanoparticles with 
multiple layers of different dielectric materials and further reducing the dielectric contrast 
could lead to improvement in dielectric breakdown and interfacial polarization. Long term 
degradation testing should be considered in future studies. 
In Chapter 5, P(VDF-HFP)-g-PDMA copolymer with improved dielectric constant and 
large breakdown strength was synthesized. It was found that grafting nonlinear dielectric 
polymers with linear dielectric polymers containing polar groups such as hydroxyl groups can 
enhance the polarization and breakdown strength of graft copolymer. Tuning the dielectric 
properties of the nonlinear dielectric polymers such as ferroelectric relaxors and linear 
dielectric polymers for energy storage application with grafting is an interesting area for 
future research. Graft copolymers containing hydroxyl groups can be used as suitable matrix 
for dielectric nanocomposites and composites with metal oxide fillers.  Due to the existence 
of O-H groups in the polymer, the matrix may have large interaction with fillers and this 
interaction can improve the breakdown strength and dielectric properties of nanocomposite as 
investigated in Chapter 4. 
 
